ELECTRICAL PROPERTIES OF HETEROPHASE 
ION-EXCHANGED GLASS FIBRES AND 
MECHANICAL PROPERTIES OF GLASS FIBRES 
CONTAINING ALUMINIUM DISPERSOIDS 


by 

ASHOK SHRIVASTAVA 


fva SPj 1 

$\\ 3? SL. 


INTERDISCIPLINARY PROGRAMME OF MATERIALS SCIENCE 

INDIAN INSTITUTE OP TECHNOLOGY KANPUR 

OCTOBER* 1935 



A 3 3 13 4- 


ELECTRICAL PROPERTIES OF HETEROPHASE 
ION-EXCHANGED GLASS FIBRES AND 
MECHANICAL PROPERTIES OF GLASS FIBRES 
CONTAINING ALUMINIUM DISPERSOIDS 


A Thesis Submitted 

in Partial Fulfilment 0 f the K equipments 
for theDegiee of 

DOCTOR OF PHILOSOPHY 


by 

ASHOK SHRIVASTAVA 


INTERDISCIPLINARY PROGRAMME OF MATERIALS SCIENCE 

INDIAN INSTITUTE OF TECHNOLOGY KANPUR 


OCTOBER 1985 



18 DEC 138/ 

JfW » 


—A . i 


i I l 



IP MS" Ci ^ 



3Tt?*T 

& *=r s *nif ^ \ fmx ®ft * srek^Tcr ti 

(j^par ar» 3s *r 3) 

Om Bhoor Bhuvah Swah Tat Savitur Varenyam 
Bhargo Devasya Dheemahi Dhiyo Yo Nah Prachodayat 

(Yajuerveda ch 36 mantra 3) 


— Thou 0 Supreme Lord The Source of Existence Intelligence and Bliss ■ The Creator 
of The Universe 1 May we prove Worthy of Thy choice and acceptance > May we 
meet Thy Glorious Grace 1 May Thou vouchsafe an unerring guidance to our 
intellects and may we follow Thy lead unto Righteousness 


.4, 


mm a 


a&c&cajfe ifA&A ifo de/ovec/ 



11 


ACKNOWLEDGE! (ENTS 


Sanity disallows- not, expressing my- deep sense of gratitud 
and indebtedness to connessieur Professor D Chakravorty for his 
excellent guidance, lively suggestions and invigouratmg encourage- 
ment, throughout the course of the present research work, which 
ultimately transformed my unsightly- original into a completed 
manuscript I sincerely thank Dr DC Agrawal for not less but 
the same stimulating guidance, inspiration and cooperation 
during this work 

l'iy thanks are due to Professors E C Subbarao, K P Gupta, 

S Kar and D x s J Kumar, K II Rai , K Shahi, D Saran and 
S C Sen for their valuable suggestions and encouragement 

I thank Drs Devendra Kumar, S Datta, G C Das, Om Prakash, 
D Bahadur, Shankar Ram, Anil K Snvastava and Kundan L Patel 
for their cooperation and unassuming help 

I thank all my friends particularly Messrs Amar N Sen, 
Abhitab Verama, G Uniyal, E G Raj an, Gopal Krishna, Iswaria, 

P S Chauhan, Jaye n t, Ravi Shankar, P Singh, R.S Verma, 
iladho Singh, Y K I alhotra, V K Snvastava, J C Snvastava, 

H C Bhattacharya and i iss Parvati, Geeta Ahuja and Mrs Uma Devi 
for rendering all possible helps whenever needed 

Special acknowledgement is credited to Messrs B Sharma, 
Samar Das S R. Chaurasia, B K Jam, V P Sharma, US Lai, 

Nar Singh, I Sharma, A N Prasad, Uma Shankar Singh and R S Sharma 
for their active technical assistance during this work 



Ill 


I feel great pleasure in thanking Hr Jawar Singh for 

t^e excellent typing and S C Barthwal for elegant figure drawings 
I also thank Hr 1 aku Lai for neat and clean cyclostyllmg 

The Financial assistance received from Science and 
£r.gineermg Pesearcn Council, Department of Science and Technology 

Govt of India, is gratefully aclnowledged 

ny parents transmitted to me the quest for 1 nowledge and 
reverence for learning i/hich inspired my efforts Hy wife Shashi 

and children who cheerfully and carefully nurtured these efforts wit] 
their forbearance, sacrifice and goodwill Crucially significant 
intellectual association of lliss Sudha further stimulated the same 
For them, I have rare words to express my heartify gratitute 

To them, my special thanks 


c 


Ashok Shrivastava 



IV 


CONTENTS 


Page 

LIST OF TABLES X 

LIST OF FIGURES xill 

LIST OF PRINCIPAL SYMBOLS xxill 

SYNOPSIS X,n 

CHAPTER 1 INTRODUCTION 1 

11 Glass Fibres 2 

1 1 1 Historical Survev 2 

112 Basic Features of Glass Fibres 4 

1121 Strength of Glass Fibres 5 

1122 Griffith Equation 9 

1123 Flaw Statistics 9 

1124 Strength Protection by Surface 

Treatment 10 

1125 Strength Enhancement by 

Precroitatic i of a Heteroph se 10 

113 Types of Glass Fibres H 

1131 Reinforcement Glass Fibres 11 

(a) Glass Reinforced Plastics 11 

(b) Glass Reinforced Cements 1 2 

(c) Fibre Reinforced Metals 13 

1132 Optical Glass Fibres 13 

(a) Monomode Fibres 14 

(b) Multimode Iibres 14 

1133 Electrically Conducting Glass Fibres 15 

11331 Coating of Electrically Conducting 

Thin Films on the Surface of Glass 
Fibres 15 

11332 Glass Fibres Drawn from Glass 

Metal Composites 15 



V 


11333 Electro Conducting Glass Fibres 

Produced by Ion Exchange Followed 
by Reduction Treatment 15 

114 Glass Fibre Drawing Process 16 

1141 Bushing Technology 17 

(a) Marble Melt Process 18 

(b) Direct Melt Process 19 

1142 Rod Technology 19 

1 2 Electrical Properties of Glasses 20 

12 1 Electronic Conduction 21 

12 11 Chaleo genide Glasses 21 

12 12 Oxide Glasses Containing Transition 

Metal Ions 24 

12 13 Glass Metal Particulate Composites 26 

12 2 Ionic Conduction 30 

1221 Silica 32 

1222 Binary Alkali Silicate Systems 

( R 2 0 Si0 2 ) 33 

1 2 2 3 M 2 0 SiO 2 B 2°3 (m = Alkali Metal) 33 

1 2 2 4 B 2 0 3 H 2 0 L ix (Xss Cl,Br,I) 34 

1.2 2 S Li 2 o LiF Li 2 S0 3 Li 2 S0 4 B 2 0 3 34 

1 2 2.6 B 2°3 Ll n x /X*bC 1 , Br, I and 

n=2, x=S0 4 ,n=;3, x=P0 4 ) 34 

1 2 2 7 Li 2 Si 2 0 5 Li 2 S0 4 34 

1228 LiNb0 3 SiO 2 35 

1 2 2 9 MjOHF Al(P0 3 ) 3 (MlLi / Na,V / Co) 35 

1 2 2 10 Lipo 3 Li 2 S0 4 35 

1 2 2 11 LiP0 3 Lix (x*Cl,Br,I) 35 

1 2 2.12 Li 2 0 LiCl P 2 0 5 35 



VI 


1.2 2.13 Li 2 I Li 2 S P 2 S 5 35 

1 2 2 14 M 2 S-GeS 2 (Ms Li,Na,Ag) 36 

1 2 2 15 Quenched Glass 36 

1.2 2 16 Some Other New Glasses 37 

12 3 Past Ion Conducting Glasses (PIC) 37 

124 AC Electrical Properties of 

Oxide Glasses 38 

13 Ion Exchange 48 

1 .3 1 Experimental Measurements ^2 

(a) Instantaneous Source ^2 

(b) Constant Source 53 

(c) External Electric Field 53 

13 2 Types of Ion-Exchange s 54 

1 4 Phase Separation in Glasses ^7 

1 5 Statement of the Problem 66 

CHAPTER 2 EXPERIMENTAL TECHNIQUES 69 

2.1 Preparation of Glass 69 

2.2 Fibre Drawing Assembly (FDA) 70 

2 2.1 Optimal Conditions for Fibre Drawing 74 

2 3 Preparation of Ion Exchanged Glass 

Fibres 76 

2 4 Electrical Resistivity Measurements 76 

241 Sample Preparation 76 

2.4 2 Conductivity Cell 77 

2 4 3 DC Resistivity 79 

2.4 4 AC Resistivity 8 2 

2 4 4 1 Complex Impedance Analysis of A c 

Data 83 

2 5 Differential Thermal Analysis (DTA) 84 

2.6 Electron Microscopic Analysis (TEM) 85 



vii 


2 6 1 Preparation of Electron Microscopic 

Samples 85 

2 6 2 Analysis of SAD 86 

2 7 Chemical Analysis 86 

2 8 Density Measurements 86 

2 9 Diameter Measurements 87 

2 10 Measurement of Strength and Young' s 

Modulus of Glass Fibres 87 

2 10 1 Sample Preparation 87 

2 10 2 Testing of Fibres 88 

2 10 3 Calculation of Strength and Strain 88 

2 10 4 Determination of Young's Modulus 89 

2 10 5 Determination of Strength 90 

2 10 6 Weibull's Analysis 91 

2 10 6 1 Graphical Regression Technique (GRE) 91 

2 10 6 2 Maximum Likelihood Technique (MLE) 92 

2 lo 6 3 Regression of Streight Line 96 

2 10 7 Determination of Fracture Surface 

(SEM) 98 

CHAPTER 3 ELECTRICAL CONDUCTION IN ION 

EXCHANGED GLASS FIBRES 100 

3 1 Introduction 100 

3 2 Results lOl 

321 Glass Preparation and Fiber! sation lOl 

3 2 2 Ion Exchange lOl 

3 2 3 Chemical Analysis 103 

3 2 4 DTA Analysis 103 

325 Electrical Measurements 103 



viii 


3 2 5 1 a C Measurements and Complex 

Impedance Analysis *06 

3252 Temperature Dependence of Resistivity 110 

3 2 6 TEM Analysis 11 6 

3 2 6 1 N Glass System 1 21 

3 2 6 2 IN Glass System 1 21 

3 2 6 3 HIN Glass System 121 

3 3 Discussion 1 26 

CHAPTER 4 ELECTRICAL CONDUCTION IN ION EXCHANGED 

GLASS FIBRES CONTAINING ALUMINIUM 
DISPERSOIDS 135 

4 1 Introduction 135 

4 2 Results 136 

421 Glass Preparation and Fiberisation 136 

422 Ion Exchange 138 

423 Chemical Analysis 138 

4 2 4 DTA Analysis 138 

4 2 5 Electrical Measurements 141 

4 2 5 1 AC Measurements and Complex 

Impedance Analysis 141 

4 2 5 2 Temperature Dependence of Resistivity 147 

4 2 6 TEM Analysis 151 

4 2 6 1 A Glass System 161 

4 2 6 2 IA Glass System 163 

4 2 6 3 HIA Glass System 163 

4 3 Discussion 170 

CHAPTER 5 MECHANICAL PROPERTIES OF GLASS FIBRES 

CONTAINING ALUMINIUM PARTICLES 1/3 



viii 


3 2 5 1 a C Measurements and Complex 

Impedance Analysis 1Q6 

3 2 5 2 Temperature Dependence of Resistivity 110 

3 2 6 TEM Analysis 11 6 

3 2 6 1 N Glass System 1 21 

3 2 6 2 IN Glass System 1 21 

3 2 6 3 HIN Glass System 1 21 

3 3 Discussion 126 

CHAPTER 4 ELECTRICAL CONDUCTION IN ION EXCHANGED 

GLASS FIBRES CONTAINING ALUMINIUM 
DISPERSOIDS 135 

4- 1 Introduction 135 

4 2 Results 136 

4 2 1 Glass Preparation and Fiberisation 136 

4 2 2 Ion Exchange 138 

423 Chemical Analysis 138 

4 2 4 DTA Analysis 138 

4 2 5 Electrical Measurements 141 

4 2 5 1 AC Measurements and Complex 

Impedance Analysis 141 

4 2 5 2 Temperature Dependence of Resistivity 147 

4 2 6 TEM Analysis 161 

4 2 6 1 A Glass System 161 

4 2 6 2 IA Glass System 163 

4 2 6 3 HIA Glass System 163 

4 3 Discussion 170 

CHAPTER 5 MECHANICAL PROPERTIES Or GLASS FIBRES 

CONTAINING ALUMINIUM PARTICLES 1/8 



IX 


5 1 Introduction 178 

5 2 Results 179 

5 2 1 Strength (s) Strain (e) and 

Young' s modulus of Virgin and 

Non-virgin Glass Fibres 180 

-*2 2 Strength and Weibull ' s Parameters 197 

5 2 3 Fracture Surface 211 

5 2 4 Susceptibility to Chemical Attach 215 

5 3 Discussion 215 

CHAPTER 6 CONCLUSIONS 222 

REFERENCES 227 



X 


LIST OF TABLES 


SI No Table No 


Page 


1 

2 

3 


4 

5 

6 

7 

8 

9 

10 

11 

1 2 

13 

14 

15 


1 1 Composition and Basic Properties 

of Commercial Glass Fibres 6 

12 E° Values for Various Glass-Metal 

c 

Particulate Systems 28 

13 E° Values for Various Glass-Metal 

c 

Particulate Systems Produced by 

Ion -Exchange and Reduction Treatment 29 

14 DC Resistivity of Different Alkali 

Silicate Glasses at 100° C (Qbm-Cm) 33 

1 5 Some Glassy Fast Ion Conductor^ 39 

1 6 Various Glass Systems Exhibiting 

Phase Separation and the Techniques 

for Characterisation 63 

3 1 Composition and Density m Glass 

System N 102 

3 2 Fiben sation Parameters of Glass 

Sy stem N 1 0 2 

3 3 Molar Fraction of Silver in 

Glass System IN \Q2 

3 4 T g' T N anci T o for Glass System N 107 

3 5 Comparison of R Q and R^, for Glass 

Systems N and IN 107 

3 6 Activation Energy and Pre -exponential 

Factor for Glass System N 1 20 

3 7 Activation Energy and Pre-exponential 

Factor for Glass System IN 1 20 


3 8 Activation Energy and Pre-exponential 

Factor for Glass System HIN 1 22 

3 9 Widths of Interconnected Phases 

in Class Systems IN 122 

3 10 Comparison of Values of Silver 

with that for HIN Glass System 1 27 


16 



xi 


17 

3 

11 

Micro structural Features of 

HIN Glass System 

1 27 

18 

4 

1 

Composition and density in Glass 

System A 

137 

19 

4 

2 

Particle Size Distribution of 

Aluminium Powder Used m Making 
the Glass-metal Composite 

1 37 

20 

4 

3 

Fiberisation Parameters of Glass 

System A 

139 

21 

4 

4 

Molar Fraction of Silver in IA 

Glass System 

139 

22 

4 

5 

Tg, T n and T 0 for Glass System A 

146 

23 

4 

6 

Comparison of R Q and R^ for Glass 

Systems A and IA 

146 

24 

4 

7 

Activation Energy and Pre-exponential 
Factor for Glass System A 

160 

25 

4 

8 

Q and P for A3 A4 and A5 Glasses 
e o 

160 

26 

4 

9 

Pre-exponential Factors and Activation 
Energies fob Class System IA 

160 

27 

4 

10 

Pre-ejqoonential Factors and Activation 
Energies for Class System HIA 

162 

28 

4 

11 

Comparison of d^-^ Values of Aluminium 

with those obtained from SAD's of 

Glass System A 

162 

29 

4 

.1 2 

Widths of Interconnected Phases in 

Glass System IA 

169 

30 

4 

13 

Comparison of d,, , Values of Aluminium 
with those obtained from SAD' s of 

Glass System IA 

169 

31 

4 

14 

Comparison of d, , Values of Aluminium 
and silver tho se obtained from SAD's of 
Glass System HIA 

171 

32 

4 

15 

Micro structural Features of Glass 

System HIA 

171 

33 

5 

1 

Young's Modulus Estimators for 

Virgin and Non Virgin Glass Fibres 

199 



Weibull's Parameters by GRE Technique 

Weibull's Parameters by MLE Technique 

Mean, Dispersion and Coefficient 
of Variation for S and S for both 
Virgin and Non-Virgin Glass Fibres 
(GRE Technique) 

Mean, Dispersion and Coefficient 
of Variation for S and S for both 
Virgin and Non-virgin Glass Fibres 
( MLE Technique) 

Mean, Dispersion and Coefficient 
of Variation for S and S for both 
Virgin and Non-virgin GlSss Fibres 



Xlll 


LIST OF FIGURES 


SI No 

Fig No 


Page 

1 

1 1 

Time Dependence of Polarisation 

After Applying a Constant D c 

Field at Time t Q 

45 

2 

1 2 

Dependence of Normalised and 

on Frequency 

45 

3 

1 3 

Schematic Phase Diagram Showing 

Stable and Meta stable liqud 
Immiscibility 

58 

4 

1 4 

Schematic Phase Diagram Showing 

Meta stable Immiscibility 

58 

5 

1 .5 

Immiscibility Dome for Hypothetical 
Two Component System 

60 

6 

1 6 

Free Energy Verses Composition of 
Hypothetical Two Component System 

60 

7 

2 1 

Photograph of Fibre Drawing 

A ss embly ( FDA) 

71 

8 

2 2 

Schematic View of Fibre Drawing 
Assembly (FDA) 

72 

9 

2 3 

Schematic View of Temperature 

Gradient Control Unit (TGCU) 

72 

10 

2 4 

Schematic View of Virgin Sample 

Unit (VSU) 

72 

11 

2 5 

Schematic View of Conductivity 

Cell 

78 

1 2 

2 6 

Schematic Circuit Diagram for 

D C Resistivity Measurement 

80 

13 

2 7 

Schematic Circuit Diagram for 

A C Resistivity Measurement 

80 

14 

3 1 

ETA Curve for Glass Ni 

104 

15 

3 2 

ETA Curve for Glass N 2 

104 

16 

3 3 

DTA Curve for Glass N 3 

104 

17 

3 4 

I V Plot for Glass System N 

105 



XXV 


18 

3 

5 

I V Plot for Glass System IN 

105 

19 

3 

6 

Complex Impedance Plot for Glass 

N1 ( Tas275°C) 

108 

20 

3 

7 

Complex Impedance Plot for Glass 

N 2 ( T«1 25° C) 

108 

21 

3 

.8 

Complex Impedance Plot for Glass 

N 3 ( T* 100° C) 

108 

22 

3 

9 

Complex Impedance Plot for Glass 

IN X ( T=4 2° C) 

109 

23 

3 

10 

Complex Impedance Plot for Glass 

IN2( Ta 21°C) 

109 

24 

3 

11 

Complex Impedance Plot for Glass 

IN 3 (t=64°C) 

109 

25 

3 

1 2 

Switching of IN^ Glass to HINi Glass 
(T = 3 20° C) 

111 

26 

3 

13 

Switching of IN 2 Glass to BIN 2 Glass 
(T e = 300 J C) 

111 

27 

3 

14 

Switching of IN 3 Glass to HIN 3 Glass 
(T c = 1 60° C) 

111 

28 

3 

15 

Temperature Variation of Critical 

Electric Field (E c ) for Glass System IN 

11 2 

29 

3 

16 

Temperature Variation of D C Resistivity/ 
Temperature for N^IN^HINi Glass Fibres 

113 

30 

3 

17 

Temperature Variation of D C Resistivity/ 
Temperature for N 2 /IN 2 /HIN 2 Glass Fibres 

114 

31 

3 

18 

Temperature Variation of D C Resistivity/ 
Temperature for N^IN^HIN^ Glass Fibres 

115 

32 

3 

19 

Temperature Variation of D c Resistivity 
for Glass System N 

117 

33 

3 

20 

Temperature Variation of D C 

Resistivity for Glass System IN 

118 

34 

3 

21 

Temperature Variation of D C 

Resistivity for Glass System HIN 

119 


35 


3 22 TEM Micrograph of Glass Nj. 


123 



XV 


36 

3 

23 

SAD of Glass Ni 

1 23 

37 

3 

24 

TEM Micrograph of Glass N 2 

1 23 

38 

3 

25 

SAD of Glass N 2 

1 23 

39 

3 

26 

TEM Micrograph of Glass 

1 23 

40 

3 

27 

SAD of Glass N 3 

1 23 

41 

3 

28 

TEM Micrograph of Glass IN^ 

1 24 

42 

3 

29 

SAD of Glass IN]_ 

1 24 

43 

3 

30 

TEM Micrograph of Glass IN 2 

1 24 

44 

3 

31 

SAD of Glass IN 2 

1 24 

45 

3 

3 2 

TEM Micrograph of Glass IN^ 

1 24 

46 

3 

33 

SAD of Glass IN^ 

1 24 

47 

3 

34 

TEM Micrograph of Glass HIN-j. 

1 25 

48 

3 

35 

SAD of Glass HINi 

1 25 

49 

3 

36 

TEM Micrograph of Glass HIN 2 

1 25 

50 

3 

37 

SAD of Glass HIN 2 

1 25 

51 

3 

38 

TEM Micrograph of Glass HIN 3 

1 25 

5 2 

3 

39 

SAD of Glass HIN 3 

125 

^3 

3 

40 

Variation of Pre-exponential (P QT ) 
with Cation Concentration (n) 
for Glass Systems N and IN 

112 

^4 

4 

1 

DTA Curve for Glass A^ 

140 

55 

4 

2 

DTA Curve for Glass A 2 

140 

56 

4 

3 

DTA Curve for Glass A 3 

140 

57 

4 

4 

DTA Curve for Glass A 4 

140 

58 

4 

5 

DT£ Curve for Glass A 5 

140 

59 

4 

6 

IW Plot for Glass System A 

142 

60 

4 

7 

I-V Plot for Glass System IA 

142 

61 

4 

8 

Complex Impedance Plot for Glass 

A 1 ( T islOO c) 

142 



XVI 


62 

4 9 

Complex Impedance Plot for Glass 

A 2 (T = 1 26 C) 

63 

4 10 

Complex Impedance Plot for Glass 

A 3 (T = 3 6 ° C) 

64 

4 11 

Complex Impedance Plot for Glass 

A 4 (T = 9 6 ° C) 

65 

4 12 

Complex Impedance Plot for Glass 

A 5 (T = 27° C) 

66 

4 13 

Complex Impedance Plot for Glass 

IAi (T = 64* C) 

67 

4 14 

Complex Impedance Plot for Glass 

IA 2 (T = 1 50° C) 

68 

4 15 

Complex Impedance Plot for Glass 

IA 3 (T = 24* c) 

69 

4 16 

Complex Impedance Plot for Glass 

IA 4 (T = 75° C) 

70 

4 17 

Complex Impedance Plot for Glass 

IA 5 (T = 60° C) 

71 

4 18 

Switching of IAj_ Glass to HIA 4 

Glass (T = 160*C) 
c 

72 

4 19 

Switching of IA 2 Glass to HIA 2 

Glass T c = 1 40° C) 

73 

4 20 

Switching of IA 3 Glass to HI A 3 

Glass (T c = 280° C) 

74 

4 21 

Switching of IA 4 Glass to HIA 4 

Glass (T = 300* C) 

75 

4 *22 

Switching of IA5 Glass to HIA 5 

Glass (T c = 310°C) 

76 

4 23 

Temperature Variation of Critical 

Electric Field (E c ) for Glass Systam IA 

77 

4 24 

Temperature Variation of D C (Resistivity/ 
Temperature) for A 4 , IA 4 , HIA-j_ Glass 

Fibres 

78 

4 25 

Temperature Variation of(D c Resistivity/ 
Temperature) for A 2 , IA 2 1 HIA 2 Glass 

Fibres 


143 

143 

143 

144 

144 

144 

145 

145 

145 

148 

148 

148 

149 

149 

149 

150 


151 



XVI 1 


79 4 26 Temperature Variation of(D C Resistivity/ 

Temperature) for A-,, IAi, HIAo Glass 

Fibre s 15 2 

80 4 27 Temperature Variation of (DC. Resistivity/ 

Temperature) for A^ , IA 4 , HIA 4 Glass 

Fibres 153 

81 4 28 Temperature Variation of ( D C* Resistivity/ 

Temperature) for As, IA 5 , HIA 5 Glass 

Fibres 154 

8 2 4 29 Temperature Variation of D C 

Resistivity for Glass System A 155 

83 4 30 Temperature Variation of D C 

Resistivity for Glass System I A 156 

84 4 31 Temperature Variation of D C 

Resistivity for Glass System HIA 157 

85 4 32 Variation of Resistivity with (t “ 1//2 ) 

for Virgin Glass Fibres ^ 3 ^ 4 , A 5 ) 159 

86 4 33 TEM Micrograph of Glass A 4 164 

87 4 34 SAD of Glass A t 164 

88 4 35 TEM Micrograph of Glass A 2 164 

89 4 36 SAD of Glass A 2 164 

90 4 37 TEM Micrograph of Glass A^ 164 

91 4 38 SAD of Glass A 3 164 

92 4 39 TEM Micrograph of Glass A 4 165 

93 4 40 SAD of Glass A 4 165 

94 4,41 TEM Micrograph of Glass A 5 165 

95 4.4 2 SAD of Glass A 5 165 

96 1 43 TEM Micrograph of Glass IA 4 165 

97 4 44 SAD of Glass AIAj. l6 ^ 

98 4 45 TEM Micrograph of Glass IA 2 166 

99 4 46 SAD of Glass IA 2 166 

100 4 47 TEM Micrograph of Glass IA^ 


166 



XVI 11 


lol 

4 

48 

SAD of Glass IAg 




166 

102 

4 

49 

TEM Micrograph of Glass IA 4 




166 

103 

4 

50 

SAD of Glass lA^ 




166 

101 

4 

51 

TEM Micrograph of Glass IA 5 




167 

105 

4 

52 

SAD of Glass IA 5 




167 

106 

4 

53 

TEM Micrograph of Glass HIA^ 




167 

107 

4 

54 

SAD of Glass HIA-j. 




167 

108 

4 

55 

TEM Micrograph of Glass HIA 2 




167 

109 

4 

56 

SAD of Glass HIA 2 




167 

110 

4 

57 

TEM Micrograph of Glass HIA^ 




168 

111 

4 

58 

SAD of Glass HIA-, 




168 

112 

4 

59 

TEM Micrograph of Glass HIA 4 




168 

113 

4 

60 

SAD of Glass HIA 4 




1 68 

11 * 

4 

61 

TEM Micrograph of Glass HIA 5 




1 68 

115 

4 

62 

SAD of Glass HIA 5 




168 

11 6 

5 

1 

Regression of Strength (S) with 
Strain (e) for Virgin Glass Fibres 

A 1 


182 

11 n 

5 

2 

Regression of Strength (S) with 
Strain (e) for Virgin Glass Fibres 

A 2 


183 

118 

5 

3 

Regression of Strength (S) with 
Strain (e) for Virgin Glass Fibres 

A 4 


184 

U9 

5 

4 

Regression of Strength (S) with 
for Non-virgin Glass Fibres A^ 

Strain 

(e) 

185 

1 20 

5 

5 

Regression of Strength (S) with 
Strain (e) for Non-virgin Glass 

Fibres 

t 

A 2 

186 

1 21 

5 

6 

Diameter (d) Histogram for Virgin 
Glass Fibres (A^ 



187 

1 22 

5 

7 

Diameter (D c ) Histogram for Virgin 
Glass Fibres A-^ 



187 



xiy 


1 23 

5 

8 

Diameter (D) 
Glass Fibres 

Histogram for Virgin 

A 2 

188 

1 24 

5 

9 

Diameter (D ) 
Glass Fibres 

Histogram for Virgin 

A 2 

188 

1 25 

5 

10 

Diameter (D) 
Glass Fibres 

Histogram for Virgin 

A 4 

189 

1 26 

5 

11 

Diameter (D ) 
Glass Fibres 

Histogram for Virgin 

A 4 

189 

1 27 

5 

1 2 

Diameter (D) 
Glass Fibres 

Histogram for Non- virgin 

A 1 

190 

1 28 

5 

13 

Diameter (d ) 
Glass Fibrei 

Histogram for Non-virgin 

A 1 

190 

1 29 

5 

14 

Diameter (d) 
Glass Fibres 

Histogram for Non-virgin 

A 2 

191 

130 

5 

15 

Diameter (D c ) 
Glass Fibres 

Histoaram for Non-virgin 

A 2 

191 

131 

5 

16 

Strength ( S) 
Glass Fibres 

Histogram for Virgin 

A 1 

192 

132 

5 

17 

Strength (S ) 
Glass Fibres 

Histogram for Virgin 

A 1 

19 2 

133 

5 

18 

Strength (s) 
Gqass Fibres 

Histogram for Virgin 

A 2 

193 

134 

5 

19 

Strength (s ) 
Glass Fibres 

Histogram for Virgin 

A 2 

193 

135 

5 

20 

Strength (S) 
Glass Fibres 

Histogram for Virgin 

A 4 

194 

136 

5 

21 

Strength (S ) 
Glass Fibres 

Histogram for Virgin 

A 4 

194 

137 

5 

22 

Strength (S) 
Glass Fibres 

Histogram for Non-virgin 

A 1 

195 

138 

5 

23 

Strength (S ) 
Glass Fibres 

Histogram for Non-virgin 

A 1 

195 

139 

5 

24 

Strength ( S) 
Glass Fibres 

Histogram for Non-virgin 

A 2 

196 

140 

5 

25 

Strength (S ) 
Glass Fibres 

Histogram for Non-virgin 

A 2 

196 



XX 


141 5 26 Regression Analysis of Observed Strength 

(S) with Failure Probability (P^ for 

Virgin Glass Fibres A^ 200 

142 5 27 Regression Analysis of Calculated Strength 

(S ) with Failure Probability (P) for 

Virgin Glass Fibres A^ 200 

143 5 28 Regression Analysis of Observed Strength 

(S) with Failure Probability (P) for 

Virgin Glass Tibres A 2 20 1 

144 5 29 Regression Analysis of Calculated Strength 

(S ) with Failure Probability (P) for 

Virgin Glass Fibres Ag 2 q1 

145 5 30 Regression Analysis of Observed Strength 

(S) with Failure Probability (P) for 

Virgin Glass Fibres A^ 20 2 

146 5 31 Regression Analysis of Calculated Strength 

(S ) with Failure Probability (P) for 

Virgin Glass Fibres A 4 202 

147 532 Regression Analysis of Observed Strength 

(S) with Failure Probability (P) for 

Non-virgin Glass Fibres A^ 203 

148 5 33 Regression Analysis of Calculated Strength 

(S ) with Failure Probability (P) for 

NoS-virgin Glass Fibres A-j_ 203 

149 5.34 Regression Analysis of Observed Strength 

(S) With Failure Probability (P) for 

Non-virgin Glass Fibres A 2 204 

150 5 35 Regression Analysis of Calculated Strength 

(S ) wibh Failure Probability (P) for 

NoS-virgm Glass Fibres A 2 204 

1 5 1 5 36 Variation of Failure Probability (P) with 

Observed Strength (S) for Virgin Glass 

Fibres A-j_ {MLE, GRE) 205 

15 2 5 37 Variation of Failure Probability (P) with 

Calculated Strength (s ) for Virgin Glass 
E lb res A 1 (MLE, GRE) 205 


153 5 38 Variation of failure Probability (P) with 

Observed Strength (S) for Virgin Glass 
Fibres A 2 (MLE, GRE) 


206 



XXI 


154 

5 

39 

Variation of Failure Probability (P) with 
Calculated Strength (S ) for Virgin Glass 
Fibres A 2 (MLE, GRE) C 

206 

155 

5 

40 

Variation of Failure Probability (P) with 
Observed Strength (s) for Virgin Glass 

Fibres A 4 (MLE, GRE) 

207 

156 

5 

41 

Variation of Failure Probability (P) with 
Calculated Strength (s ) for Virgin Glass 
Fibres A 4 (MLE, GRE) C 

207 

157 

5 

42 

Variation of Failure Probability (P) with 
Observed Strength (S) for Non-virgin Glass 
Fibres A t (MLE, GRE) 

208 

158 

5 

43 

Variation of Failure Probability (P) with 
Calculated Strength (S ) for Non-virgin Glass 
Fibres A 4 (MLE, GRE) c 

208 

159 

5 

44 

Variation of Failure Probability (P) with 
Observed Strength (s) for Non-virgin Glass 
Fibres A 2 (MLE, GRE) 

209 

160 

5 

45 

Variation of Failure Probability (P) with 
Calculated Strength (S ) for Non-virgin Glass 
Fibres A 2 (MLE, GRE) 

209 

161 

5 

46 

Comparision of Failure Probability 
Distributions of Observed Strength (S) 
and Calculated Strength (S ) for Virgin 
(a^,a 2 /A 4 ) and Non-virgin Glass Fibres 





(a x ,a 2 ) [gre ] 

210 

162 

5 

47 

Comparision of Failure Probability 
Distributions of Observed Strength (S) 
and Calculated Strength (S ) for Virgin 
(A x A 2 ,A 4 ) and Non-virgin Glass Fibres 





(a x ,a 2 ) [mle] 

210 

163 

5 

48 

Fracture Surface of A x Fibre [SEM] 

214 

164 

5 

49 

Fracture Surface of Aj Fibre [SEM] 

214 

165 

5 

50 

Fracture Surface of A^ Fibre [SEM] 

214 

166 

5 

51 

Fracture Surface of A 4 Fibre [SEM] 

214 

167 

5 

5 2 

Fracture Surface of A 4 Fibre [SEM] 

214 

168 

5 

53 

Fracture Surface of A 4 Fibre [SEM] 

214 



XXI 1 


169 

Pig 5 
Fibres 

54 

( a,b) 

SEM Micrograph of Etched 

Glass 

216 

170 

Pig 

Fibres 

55 

(a b) 

SEM Micrograph of Etched A 2 

Glass 

216 

171 

Tig 5 
Fibre s 

56 

(a,b) 

SEM Micrograph of Etched A^ 

Glass 

216 



XX111 


LIST OP PRINCIPAL SYMBOLS 


b 


a 


o 

a A' a B 
b 

B 1' B 2 

c 

C 1 

C 

C 

o 

CwC 


B 


D 

D 

c 

5 


D , D 
o' o 


d 

E 

E 

E 

E 


R 


Flaw size 
Radius of nozzle 
Co re radiu s 
Inter~atomic distance 
Activity of species A,B 

Shape parameter of Weibull's distribution 
Constants 

Concentration of charge carriers 

Activation energy of electron tunnelling 

Capacitance 

Surface concentration 

Ionic concentrations of species A, B 

Diameter of fibres, self diffusion coefficient 

Calculated Fibre diameter 

Interdiffusion coefficient 

Pre-exponential factors of self diffusion 
and mter-dif fusion coefficients 

Gram diameter 

Density 

Young's modulus 
Regressed Young's modulus 
Mean value of E 
Electric field 
Critical electric field 

Energy required to create a pair of 
charged grains 



XXlV 


E 


E / E , 

g ' s' u 

E.,, E » E — 
H D C 


£ , f 
r c 

p (Z) 

G 

h 

H 

k 

k 

e 

1 

L 1 , L 
1 o 

M 

N 

c 

n 


n l ' n 2' n 3 

P 

P 


p : 
Q/Q, 


T 


R 


V *T 

S 


e ' e ± 


Maximum value of electric field 
Activation energy of conductivity 
Other activation energies 

Frequency 

Correlation factors 

Distribution function of relaxation times 
Conductance 
Planck's constant 
i Height of the glass in bushing 
Boltzmann constant 
Gradient energy coefficient 
Length of nozzle bore 
Length of fibre sample 
Mass of sample 
Cation concentration 
Change carrier concentration 
Constants 
Polarisation 
Probability of failure 
Load of ith sample 

Activation energy for ion migration 
Average hopping distance 
D C resistances 
Strength 

Scaling parameter of Weibull's distribution 

Calculated strength 

Strain 



XXV 


s 

T 

g 

V T ~'T- 


V D 

w 

X 

y 

6 

<5 (x) 
€ 

€' 

e' ( 

T) 

O 

h, V 


cladding ^cire 


P 

P o' P 
a 

°Q 


OT 


m 

r 

4 

u 

o 

CO 


CO 

<t • 


co^ 


Inter particle separation 

Glass transition temperature 

Other temperatures 

Dimensionless parameter 

Power dissipation 

Distance 

Fracture energy 

Loss angle 

Delta Dirac function 

Dielectric constant 

Real part of dielectric constant 

Imaginary part of dielectric constant 

Vi sco sity 

Re f r active mdi ci e s 
Re si stivity 

Pre-exponential factors of resistivity 
Conductivity 

Pre-exponential factor of conductivity 
Stress 

Theoretical strength of glass 

Relexation times 

Mobility 

Pre-exponential factor of mobility 
Angular frequency 
Width of ol , ji phases 



20V1 


SYNOPSIS 


ASHOK SHRIVASTAVA 
Ph D 

Interdisciplinary Programme m 
Materials Science 
Indian Institute of Technology 
Kanpur INDIA 

Electrical Properties of Heterophase 
Ion-exchanged Glass Fibres and 
Mechanical Properties of Glass Fnbres 
Containing Aluminium Dispersoids 

5 Thesis Supervisors ( 1 ) Professor D Chakravorty 

( 11 ) Dr DC Agrawal 

Alkali containing oxide glasses have long been known to 
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nce of an electric field But only recently with the development 
of several high conducting glass systems, ionic conduction in 
glasses have attained new dimensions Such glass systems are 

known as fast ion conducting glasses (FIC) and they display very 
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high value of ionic conductivity of the order of 10 (Ohm-Cm) 
at room temperature These find wide applications as solid electro- 
lytes in various energy devices More than 100 FIC' s are reported 
in the literature and almost all of them have lithium or silver 
as the migrating species Highest conductivity is exhibited by 

FIC's based on silver ion migration Most of such FIC s are based 

e 

upon compositions derived from AgL which itself is FIC in the 
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crystal Imp form and very few of these are based on Sx0 2 as the 
network former because of the problem of silver precipitating 
out as metallic agglomerates during the melting operation In 
the present thesis large concentration of silver m silica based 
glass has been achieved by sodium- silver ion exchange treatment 
As the silver rich layer formed at the glass surface by the ion- 
exchange treatment is of the order of a few microns# possibility 
of replacing almost all the alkali ions by silver ions by this 
treatment has been explored by ion exchanging the base glass m 
fibre form The average diameter of the fibres used is around 
10 microns The effect of such an ion exchange process on elec- 
trical conductivity has been studied 

Presence of ultrafine metallic granules in glass has a 
significant effect on its electrical conductivity. Such metal- 
giass micro composites with aluminium as a dispersion metal in 
glass matrix^ have been prepared Role of metallic dispersoids on 
ionic conductivity of alkali containing glasses and that of their 
ion exchanged versions has been investigated* It has been found 
that there is a large enhancement m electrical conductivity of 
glasses by metallic dispersion and ion-exchange treatment It 
has been further observed for the first time# that high con- 
ducting glasses with almost neglxble activation energy can be 

developed with conductivities at room temperature of the order of 
-2 -1 

10 (ohm Cm) It has been further shown that aluminium disper- 
soids further enhance the conductivity of glass The increase 
m conductivity is attributed to the micro structural features of 
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these glasses Presence of aluminum particulates further improves 
the morphological structure in a desirable wav 

Effect of aluminium particulates on the mechanical 
properties of glass fibres has been investigated It has been 
found that while strength of glass fibres decreases by the incor- 
poration of aluminium particle s, the modulus shows an increase 
with increasing amount of aluminium As strength is a statistical 
parameter the strength data have been analvsed by Weibull's ana- 
lysis A rew technique to analyse the strength data for glass fibre 
has been developed Fracture surface studies have been made using 
scanning electron microscopy Corrosion strength of the so glass 
fibres have been found to improve with increasing aluminium con- 
centration 

In chapeter I ( Introduction), various characteristics 
of glasses m bulk and fibre form have been reviewed Present 
state of the art of glass fibre drawing -*-echnology is described 
Electrical and mechanical properties of glasses, both in bulk 
and fibre form have been discussed Various aspects of ion excha- 
nge and phase separation are described alongwith A C and D C 
responses of glass systems A brief review of FIC glasses is 
also incorporated 

Chapter II (Experimental) .describes the experimental 
techniques used to prepare and characterise gla^ fibres for 
their electrical and mechanical properties Details of fibre 
drawing assembly and conductivity cell designed and fabricated 
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by the author are also given m this chapter Ion-exchange 
trf tment of glass fibres have been discussed The characterisation 
techniques include A C and D C electrical conductivity measure- 
ments, Chemical analysis, ETA, Transmission electron microscopy 
and Scanning electron microscopy 

In chapter III, results of DC and AC resistivity of some 
silicate glasses m fibre form containing 10 to 30 mol of sodium 
have been described These fibres after ion-exchange show lowering 
of activation energy and increase of electrical conductivity An 
optimum combination of electric field and temperature brings 
about a permanent morphological transformation m ion-exchanged 
samples inducing a high conducting state m them The newly atta 
med conducting state is characterised by very low activation 
energy which m some cases is found to be almost tending to zero 
Such behaviour has been attributed to the micro structural fea- 
tures exhibited by the samples 

In chapter IV, results of AC and DC conductivity of glass 
fibres of glass-metal composites containing aluminium metal dis- 
persoids have been reported Mol % of aluminium has been varied 
from 0 to 10 Presence of aluminium particulates enhances the 
electrical conductivity of virgin and ion-exchanged samples 
In virgin glasses, m the temperature range 2o°C to Ho°C, the 
conduction mechanism is shown to be due to electron Tunnelling 
between the metallic islands m the glass matrix Ion-exchanged 
glass samples under the influence of electric field and tempera- 
ture are found to attain a stable high conducting state chara- 
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cterised by very low activation energy and very high conauctivity 
Presence of aluminium particles brings m some desirable effects 
m the micro structure such that maximum conductivity at room 
temperature is obtained for glass composition having 5 mol^ of 
aluminium This behaviour has been supported by corresponding 
micro structural feature s 

In chapter V mechanical properties of glass fibres con- 
taining various amounts of aluminium particles have been described 
A new technique to process the data of mechanical measurements 
has been suggested which gives better estimates of strength and 
Young modulus. As surface fl^ws dictate the strength of glass 
fibres/ the data h-^ve been analysed by the Weibull method Compa- 
rision of graphical regression technique and most likelrhood 
estimator technique (MLE) to evaluate the Weibull' s parameters 
have been made Effect of aluminium concentration on Weibull' s 
parameters has been investigated Fracture surface studies have 
been made by scanning electron microscopy Presence of small pores 
of the order of 1 micron explains the decrease in strength of the 
composite glass fibres 

Chapter VI ( Conclusions) gives a summary of the results 
of electrical properties of virgin and ion-exchanged glass fibres 
Similar results for fibres drawn from glass-metal micro composite 
systems are also described It is inferred that ion-exchanged 
fibres of the glass systems studied constitute a new set of FIC 
glasses In their high conducting state, they provide high con- 
ducting materials with almost zero activation energy Mechanical 
strength decreases with increasing amount of aluminLum particles 
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INTRODUCTION 

Glass fibre is one of the most important engineering 
materials of the present space age It exhibits a unique set 
of optical/ mechanical and electrical properties Its applications 
are enormous and diversified As a reinforcement material, it 
forms the backbone of G R P (Glass Reinforced Plastic ) and 
G R C ( Glass Reinforced Cement ) products which have already 
captured a significant part of the industrial market Their use is 
continuously increasing GRP' s have found diverse applications in 
space vehicles, air crafts, ships, submarines, boats, radomes, sonar 
domes, off shore structures, automobiles, protective armours, 
containers and pipes for chemical industry, corrosion resistant 
coatings, sporting goods, electronics and appliances ( Parkyn 
Brian, 1970) G R C's mam usage includes architectural cladding, 
walling systems, housing, street furnitures, water transport 
systems including pipes, se-wer linnings, water channels, field 
drainage components, canal linings, tanks and various other 
applications in the field of agriculture and as an asbestos 
replacement ( Smith, JW and Walker, TWL, 1980) Glass fibres with 
some of their characteristic optical properties, have emerged as 
major transmission media for light and are poised to revolutionize 
telecommunications ( MacChesney, JB 1981) It has been possible 
to make these optical fibres with power loss even less than 
1 dB/Km Flexibility of these optical fibres has been exploi- 
ted commercially m the form of various medical and engmner- 
mg instruments (Kapany i960, 1967, Allan 1973 ) In this 
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wide perspective of glass fibre applications, a potentially new 
dimension has been added by recent researches carried out to 
develop electrically conducting glass fibres either by a suitable 
choice of glass composition ( Provance, JD, 1971) , or by ion- 
exchange and reduction technique ( Mozhi T Arul and Chakravorty D, 
198 2) t or by the fiberisation of glass-metal particulate system 
( Chakravorty D, et al, 1979) All these interesting features 
associated with glass fibres, result from the coupling of innate 
characteristics associated with the fibre form and other useful 
properties exhibited by glasses m their bulk form In order to 
delineate the present trend of glass fibre technology and to 
contemplate the development of newer materials, a brief review 
incorporating various aspects of glass fibres and glass fibre 
technology is presented Various new glass forming systems including 
those exhibiting fast ion conduction and various technological 
aspects associated with glass-metal particulate systems are revie- 
wed Dissussions on phase separation in glasses and the ion excha- 
nge process are also incorporated because of their technological 
importance as well as relevance to the present investigation 

1 1 Glass Fibres 
1 .1 1 Historical Survey 

Glass fibres in one form or another were known to glass 
makers in antiquity ( Parkyn B, 1963 ) * The Egyptian kings of 
xviiith Dynasty used snail glass vases made of glass fibres for 
holding cosnetics The earliest use of woven glass fibres was 
reported to be m 1713 when Rene Reaumur submitted some glass 



3 


cloth to Pans Academy of Science/ which had been woven by Venetian 
Carlo Riva In i860, a woven glass garment was presented to Spanish 
prince SS/ but it was found that the fibre was too coarse to allow 
the garment to be folded ( Parkyn B 1970), 

Early in 1930's, the Owens - Illinois Glass Co. of 
New York, Ohio, made significant improvements to the process of 
glass fibre manufacture which made it commercially viable Later 
this company joined with doming Glass Works of Corning, New York, 
which was also working in the same field, to form a specialist 
company namely Owens- Corning Fiber Glass Corporation, which beca- 
me the undisputed leader in the development marketing and techno- 
logy of this industry Upto this point, the fibre being manufactu- 
red on an industrial scale was discontinuous i e glass wool 
The need to insulate fine wire at high temperatures paved the way 
to the development of extremely well chosen formulation of glass 
which later became known as 'E' glass Under stress of war, economic 
circumstances or patent restrictions, other type of glasses were 
tried and for some time, found their market, they did not however gai 
a major importance in the industry As a result of exhaustive 
experimentation, some specialized glasses characterised by high 
chemical strength and extra high strength were also developed 
such as 's' and'HM' 905 glasses 

The first patents covering room temperature thermosetting 
resins e,g polyesters appeared in 1935 Reinforcement of these 
resins with N E'glass fibres gave birth to a new reinforced plastic 
industry and found its first major application m world war II 
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m the manufacture of radomes for aircrafts Since then, the 
industry has acquired a significant growth rate of 10 to 15% 
per annum In 1949 Pittsburgh Plate Glass and Libbey- Owens- 
Ford acquired licences from Owens- Coming followed by overseas 
licences to St Gobam in France m 1951 and Pilkington in Great 
Britain m 1952 New uses, better performance of composites and 
rapidly improving manufacturing technology have been the hall 
mark of this industry (Loewen stein, KL 1973) 

112 Basic Features of Glass Fibres 

Glass fibres are glass filaments usually having their 

diameters m the range of 3jnm-15jnm In the case of optical 

glass fibres the diameter of the cladded fibre is above 100/Jm 

Glass fibres differ from bulk glass of the same composition in 

two major respects first, the rate of cooling from molten state 

which is of the order of 10 + ~ 10*^ °K/Sec (Manfre G, 1967) and 

secondly the ratio of surface to weight of glass *For an average 

fibre diameter of 9um, lOgms of fibre possesses a surface area 
2 

of 2 m ( Loewenstetn KL 1973 ) The effect of rapid quenching on 
fibre formation is such that the composition and structure 
related properties are lower for the fibre than for the bulk glass 
As density, refractive index and Young' s modulus are structure 
sensitive properties i e, they depend on the composition of 
glass and Its configuration temperature ( Loewenstem KL 1961), 
it has been reported that density, refractive index and Young' s 
modulus are 2 %, 15 to 4o% and 7 to 25% lower respectively than 
those of bulk glass ( Loewenstem KL 1961) This has also been 
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observed that when fibres of same diameter are drawn from liquid 
glass at various temperatures, as the temperature of glass rises, 
so the fibres drawn from it show a progressive decrease m Young's 
Modulus ( Leewenstem KL and Pervin K 196 2) These differences 
m properties between glasses m bulk and fibre fyrm can be eli- 
minated by heating the fibres for a sufficiently long time at 
temperatures between 100-400°C, the higher the temperature, the 
more rapid the rate at which the glass fibres become denser 
and acquire the same properties as the bulk glass 

1 1.2 1 Strength of Glass Fibres* 

The strength of glass fibres when measured at room tempera- 
ture and under not an uncommon condition of 60-65% relative humi- 
dity is found to depend upon the glass composition, the fibre 
diameter and the temperature of the glass from which the fibreis 
drawn ( Loewen stein KL and Dowd J 1968 ) The extent to which each 
one of these factors influences the strength varies with the 
composition The alkali-containing 'A' glass shows a very signi- 
ficant strength diameter relationship whereas the strength of 
nearly alkali free'E' glass fibres is almost independent of di- 
ameter. In fact when'E' glass fibres are tested at room temperature 
and at relative humidities of 4o% or below, the observed tensile 
strengths are independent of diameter and consistant to with in 
a coefficient of variation of about 1% ( Thomas WF, i960) Various 
basic properties exhibited by some commercial glass fibres along 
with their chemical composition are shown in Table 11, 
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Table 1 1 t Composition and basic properties of commercial 
glass fibres 


Constituent 

E glass 

C glass 

A glass 

S glass 

Fused 

silica 

HM 905 

S10 2 


55 2 

65 0 

72 0 

65 o 

99 97 

48 0 

Al 2°3 


14 8 

4.0 

2 5 

25 o 

015 

- 

B 2°3 


7 3 

5 0 

0 5 

mm 

mm 

8.0 

MgO 


3 3 

3 0 

0 9 

lo 0 

- 

8 5 

CaO 


18 7 

14 0 

9 0 

- 

003 2 

11 5 

Na 2 0 


0 3 

8 5 

12 5 

mm 

00 2 2 

mm 

k 2 ° 


0 2 

- 

1 5 

mm 

0007 

- 

Fe 2° 3 


0 3 

0 5 

0 5 

mm 

001 0 

mm 

F 2 


0 3 

- 

- 

- 

- 

- 

BeO 


- 

- 

- 

- 

- 

0.0 

Li 2° 


- 

- 

- 

- 

- 

6.0 

v 2°5 


- 

mm 

- 

- 

- 

4.0 

moo 2 


- 

- 

mm 

- 

- 

2 0 

Ti0 2 


- 

- 

- 

- 

- 

4 o 

(1) Tensile strength 3?0 
of single fibre 
at 2 c;o C(Kg/nm 2 ) 

310 

310 

430 



(2) Tensile strength 175 - 275 

of straindtKg/tnm 2 ) 

> 160-235 

160-235 

210-3 20 



(3) Young's 

modulur 7700 

7400 

7400 

8800 




of fibre at 25° c 
(Kg/mm 2 ) 


(4) Density <9/Cw? 2 ^3 


2 46 2 45 


2 46 
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(5) Refractive index 1 5 So - 1 54 2 


(6) Coefficient of 5 o 8£> 9 0 

linear thermal 

expantion g 
per °C x 10° 

(7) Dielectric 6 H 

constant at 25° c 

and lQiO Hx 


(8) 


Loss tangent 
at 25°c and 

10 Hz 


004 


(9) Volume resist!- 10 
vity m 
Ohm-Cm 



5 0 

5 21 

009 
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The strength of glass fibres is much smaller than the 
theoretical strength of glasses The latter can be evaluated 
from the following equation { Orowan., 1949) 


E y s 1 A 


'm 


( 11 ) 


and 


where a m is theoretical strength of glass 


m 


E is Young's Modulus 
V is the fracture surface energy 


a is the inter atomic distance 
o 


Fracture surface energies for glasses have been reported 
and they lie m the range of 3 5 to 4 82 Jm^ at 25° C ( Wiede- 
rhorn 1966) 

, 11 -2 

By substituting values of E, a Q and y as 10 Nm , 

-10 -2 

2 x 10 m and 3 Jm respectively in the above equation, 

- , 4 

the theoretical strength of glass is found to be 4 x 10 
-2 

MNm which is valid for all glasses of practical interest as 
none of the variables m the above equation is sensitive to the 
glass composition 


Strengths of this order of magnitude have been measured 
in pristine glass fibres ( Procter et, al 1962) However, 
strengths of glasses under most conditions are 1 0-1 00 times 


lower than this value. This apparant anamoly in strength value 
is attributed to the presence of Griffith flaws as mentioned 


below 
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1122 Griffith Equation 

The order of magnitude difference between theoretical and 
experimental strength values is explained in terms of surface flaws 
which act as stress concentrators/ the stress at the flowtip 
being much greater than in the matrix The strength s is related 
to the critical flaw size' a by the following equation ( Griffith 
19 20 ) 


s = j 2E Y (1 2) 

^ it a 

where E is the Young' Modulus 

V is the fracture surface energy 

~ 2 

For a fracture stress of 100 MNm which is the usual 
value of S for glasses m bulk form, the critical flaw size 
as calculated from equation (1 2) turns out to be 20 Um 
It follows from equation (1 2) that any reduction m 'a' would 
cause an enhancement of strength ( Rawson H 1984) As glass fibres 
show a strength an order of magnitude more than that for bulk 
glass, equation (1 2) suggests that surface flaws on glass fibres 
should be such that a( 1 (Jm The dependence of strength on 
surface flaws has been confirmed experimentally when removal of 
surface damage by etchant consisting of an equeous 15% HF and 
15% H 2 SO^ solution shows improvement m the strength of glass 
( Proctor 19 62) 

112 3 Flaw Statistics 

The flaws on a glass surface have a distribution of 
shapes and sizes Its quantitative description is given m terms 
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of a 7 flaw distribution function In principle/ this function 
can be used to predict the strength under any specified system 
of loading The cumulative probability of failure is given by 
Weibull distribution ( Weibull 1951 ) 

P = 1- exp ( (- -§~ ) b ) (13) 

fa o 

where S Q and b are the scaling and shape parameters 
respectively of the distribution The values of S Q and b are 
determined experimentally 

1124 Strength Protection by Surface Treatment 

To protect the surface of glass fibres from abrasion and 
to minimise the surface damage, glass fibres are coated with a 
sizing material which may be a resin ( Roskos T G et al 19 62, 

Eakms WJ 19 64) , glass ( Morley JG 1959) , Metal ( Morley JG 19 63) 
or graphite ( Zvanut C 19 65) Recently it has been shown that 
various factors which contribute towards strength, include glass 
quality, pretreatment prior to fibre drawing, cleanliness of the 
heat source, nature of size application and techniques of apply- 
ing it ( Schonhorn H et al 197 6) It has been reported that 
ultimate strength of laser drawn silica fibres is dependent on 
fibre tension and drawing velocity ( Schonhorn et al 1978) 

1125 Strength Enhancement by the Precipitation of a Heterophase 

Alkaliboro silicate glass fibres containing bismuth 

and or silver have shown marginal improvement in strength but signifi 

Modulus 

cant enhancement m Young' s/( Chakravorty D ,et al 1979) This mere 
se in strength is attributed to the deflection of cracks along the 
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glass metal interface during the course of crack propagation 
Similar effects have been observed in alkali alumino boro silicate 
glasses ( Venkate sweran A 1979) Fibres drawn from glasses 
having compositions similar to that of the blast furnace slag 
have shown strength values comparable to that of E glass fibres 
with some improvement m Young's Modulus ( Srivastava A and 
Chakravorty D. 1979) The latter has been ascribed to the presence 
of a crystalline phase ( Srivastava A *197®) within the fibre 

1 1.3 Types of Glass Fibres i 

On the basis of its applications, glass fibres can be 
classified as follows 

1*1 .3.1 Reinforcement Glass Fibres 

99^ ef the total production of glass fibres is being consu- 
med as reinforcements for fabrication of various composite material 
A wide variety of such composites have been developed These 
composites are characterised by a matrix which can be either polymei 
metal or a ceramic based ( Me Creight LR et. al 1965) • a suitable 
combination of matrix and glass fibre defines a unique composite 
material* A detailed study of such combinations, has resulted in 
the development of the following group of composites which are 
being commercially exploited. 

(a) Glass Reinforced Plastics : Expoxide resins or polyester resin 

are used to make GRP's. E glass fibres are used as a reinforcement 
material Various lengths of fibres have been tried for reinforce- 
ment* It has been shown that polymers, reinforced with continuous 



fibres exhibit strengths that are 5 times those for composites 
formed by short lengths In some special applications such as m 
aerospace industry ' S' glass fibres are used as reinforcement 
( Parkyn B , 1970, Loewen stem KL, 1973) 

(b) Glass Reinforced Cements The invention, development and 
commercialisation of alkali resist nt glass fibres for glass 
reinforced cement has introduced a new group of building and 
construction materials, which is rapidly gaming acceptance 
around the world ( Majumdar AJ and Ryder JR 19 68, Proctor BA and 
Yale, B 1978, Blackman LCF et al 1977) A typical glass compo- 
sition is 71 3 Si0 2 15 8 Zr0 2 11 5 Na 2 0 2 Li 2 0 1 K 2 0 1 MgO 

1 CaO, ( Bacon 1968) The early work at the U K Juilding Research 
Es ablishment has been commercially exploited by Pilkington 
Brothers UK, the fibre product being marketted as 'cemfil'' 

(Rawson H , 1984) The ultimate strength of GRC whether it be bendmc 
tensile or impact strength is essentially dependent on the glass 
fibre content and form, orientation and disposition of fibres, 
the bonding between fibre and matrix ( a function of matrix 
type* porosity and curing of matrix ) The Young's Modulus limit 
of proportionality and creep behaviour of GRC, are strongly 
dependent on matrix property and are therefore influenced by the 
type of matrix being used ( neat cement, mortar etc ) and the 
degree of curve of the cement ( Proctor BA 1980) Behaviour of 
glass fibres in strong acid and alkaline media have been studied 
( Ilona Wojnarovitis 1983) in this context 



13 


(c) Fibre-Reinforced Metals t Glass fibres have been used as 
reinforcement for metal matrix m both continuous and discontinu- 
ous forms. However the higher Shear strength available in metals 
permits the efficient use of short fibres# provided they are well 
bonded to the matrix The highiest strength achieved by using 
continuous filaments for reinforcing metals have been silica- 
fibre reinforced aluminium# which has been developed at Rolls- 
Royce Ltd. and used m making various items such as compressor 
blades for jet engines ( Me Creight et al 19 $5) 

1132 Optical Glass Fibres * 

These consist of a core glass surrounded by a cladding 
layer of lower refractive index When a ray of light enters into the 
core region of the cladded fibre structure# the portion falling 
within a certain solid angle is guided by total internal reflection 
( Niizeki, Nobukazu 1984) • The light collecting ability of a fibre 
is measured by its numerical aperture ( NA) which is given by 
the lollowing relation 

N A. * f) V T7K~ • (1.4) 

core 

where J W- . Vaa#P9 

h 

core 

^ core m refractive index of the core 
r? 

cladding » refractive index of the cladding 

The number of modes that such a fibre can transmit is 
related to a dimensionless parameter such that 
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2 n a 

D = — r-G- ( N A ) *. (15) 

A 

2n a 77 

= S core ,. ^ (1.6) 

A 

where a = core radius 
c 

A *s transmitted llgt wavelength 


Depending upon the modes that can be transmitted through 
optical fibres these can be subdivided into the following two 
categories* 

(a) Mono Mode Fibres* Such fibres are characterized ty 4 

which implies from (16) that for A» 800 nm and &.!)= Ol , core 
diameter should be of the order of 3 5 Mm 


(b) Multimode Fibres * The optical glass fibres having A Ol 
or core diameter > 3 Sumare Known as multimode optical fibres 
These may be either of the multimode step index or the multimode 
graded index type 


One of the stringent conditions which glass fibres have 
to meet so that they can act as effective optical waveguides is low 


loss Absorption loss is specifically caused due to the presence of 

A « _ 2+ _ 3+ M 2+ ,,3 + 

, _ _ 3-f 2+, Cu m Or i Mn 

transition metal ions Fe , Co 


V"' etc* and 

OH" within the glass. Other contributions to the loss arise from 
Rayi e igh scattering and Mie scattering ( Mac Chesney 1981) • 

With the improvement and perfection of fabrication technology » glas 
fibres with power loss as low as 1 dB/ECm are now available 
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1133 Electrically conducting glass fibres* 

In recent years there has been a spurt in research aefcivitz 
to develop electrically conducting glass fibres The efforts seem 
to be directed to three different methods which can be broadly 
classified as follows * 

1 1 3 3.1 Coating of electrically conducting thin films on the 
surface of glass fibre 

Various electrically conducting materials have been applied 
as a thin coating on the surface of the glass fibres 
In another technique, thin ( 3hm) coatings of conducting Sn0 2 ” 

Sb 2 0 3 have been successfully achieved by processing glass fibres 
with Sn ( iso-PrO) 4 and Sb(0Pr) 3 dissolved xn iso.-PrOH ( Nano 
T and Eguchi T , 1985) 

11332. Glass Fibres Drawn From Glass Metal Composites s 

Oxide glasses containing dispersed metallic granules of 

dimension of the order of a few hundred angstroms show electrical 

conduction by electron tunnelling mechanism between the metallic 

islands (Chakravorty et al 1979) Continuous glass fibres have 

been drawn in the system Si0 2 B 2 0 3 K 2 0. A1 2 0 3 As 2 0 3 Bi 2°3 Ag ^° 

for various molar fractions of Bi 2 0 3 ( 0-3%) and Ag^O (0-6%) respect! 

—8 —1 

vely* Highiest conductivity of 10 (Ohm CnO at room temp* 
has been reported 

1.1.3 3.3 Electroconducting Glass Fibres Produced by Ion Exchange 
Followed by Reduction Treatment s 
Suitable metallic particles can be precipitated in 
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alkali containing glasses subjecting the latter to an ion exchange an 
reduction treatment ( Chakravorty 1975) Preliminary investigations 
have shown that alkali containing glass fibres subjected to a sodi- 
um ^silver ion exchange followed by a reduction treatment show 
higher electrical conductivity as compared to the virgin fibre 

( Mozhi, T Arul and Chakravorty D , 198 2) The lowest resistivity 

5 

value at room temperature is reported to be 10 Q-Cm The condu- 
ctivity has been ascribed to an electron tunnelling mechanism as 
described in the previous section. 

Electrically conducting glass fibres have also been develo- 
ped by subjecting glass fibres drawn from a suitable glass compo- 
sitions to a reduction treatment ( Provance 1971) • In the fabri- 
cation of image inte n sifier and channel multiplier* similar 
approach is used where by reduction of the inner surface of 
hollow glass fibre a conducting layer of Pb is generated An 
electron entering such a conducting channel kept in vacuum under 
influence of potential drop across the length of channel# undergoes 
many collisions with the conducting layers / thereby ejecting more 
than one electron at each impact Thus for each electron entering 
one end of the channel, many leave at the other ( Eschard and 
Manley 1971 , Trap 1971, Washington et. al 1971, Mackenzie 1974, 

Graf and Polaert 1973) 

1 1 .4 Glass Fibre Drawing Process* 

The fibre forming process is highly sensitize to glass melt 
temperature, viscosity and pulling rate Fibres are produced 
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as continuous filaments which are mechanically drawn from 
softened glass under controlled conditions various techniques 
have been developed* Each of these typically offers some adva- 
ntages that makes it preferable in a given situation* All of them 
are improved versions of either of the two techniques as described 
below* 

1 .1 *4 1 Bushing Technology 

Glass fibres are made by rapid attenuation of drops of molten 
glass exuding through nozzles under gravity and suspended from then 
The dynamic balance between forces of surface tension and mechanical 
attenuation results in the drop of glass taking on the shape of 
a meniscus held at the annular opening of the nozzle and tapering 
to the diameter of the fibre being drawn* For successful fiberl— 
sation glass viscosity should be in the range of 500-1000 poises 
If viscosity is lower than 500 poises# the glass is too fluid and 
falls away from nozzle _ as drops because of the predominance of sur- 
face tension forces If the viscosity is higher than 1000 poises# 
the tension in the fibre is too high and rate of flow of glass 
through nozzle can become too low to maintain a meniscus ( Low we— 
n stein KL 1973) 

The rate of fibre production from a given bushing is a 
function of the rate of flow of glass through the nozzles and is 
independent of rate of attenuation i«e« c£f the diameter of fibre 
mode* It has been reported that the flow rate is independent of 
the speed of draw and is a function of the temperature only The 
rate of flow is given by the poise uille equation 
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4 

7i a. Hd, g 

V = —32 L (1 7) 

f 8 V 

where is rate of flow ( in m'/eec ) 

is radius of nozzle ( m ) 

H is height of glass above the nozzle ( m ) 
d, is density of glass ( Kgm/m3 ) 
g is acceleration due to gravity ( m/ sec 2 ) 

77 q is viscosity of glass newton-Sec/ m 2) 

1 is length of nozzle bore (m) 

The fibre diameter is a function of the pulling rate and the 
bushing temperature 

Almost all the fibre manufacturing units the world over employ 
bushings made of 10% Rhodium-Platinum and 20% Rhodium-Platinum alloys 
respectively the latter being more resistant to distortion at 
elevated temperatures Zirconium- stablised platinum, highly resistant 
to distortion has recently been added to the range of suitable 
materials* As Pt—Rh is a precious metal involving huge investments 
an alternative ceramic bushing technology has been developed ( 

( Chakravorty et al 1981) The material used for making these bushings 
is either pure alumina or calcia stablised zirconia single nozzle 
bushings as well as multi-nozzle bushings have been made using 
slip casting technique followed by a sintering operation 

There are two processes which are currently in use depen- 
ding upon the feeding mechanism of glass into the bushings 

(a) Marble Melt Process In this method glass cullet is intro- 
duced into the bushing in the form of marbles- 
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(b) Direct Melt Processi 

The raw materials are fed directly into a glass melting tank 
from which molten glass is led onto different bushings via a long 
fore hearth 

In either of these processes, glass fibre undergoes sizing 
operation by which a thin polymer coating is applied on the pristine 
surface of glass fibres, to protect its strength* Glass fibres are 
collected on the drum through a graphite shoe 

1142 Rod Technology 

The glass which is to be fibensed is taken in the form of a 
rod or preform* A feed mechanism operates the lowering of the rod 
into the hot zone of the furnace or heat source where the glass 
softens The glass is pulled down into a thin fibre which is wound 
on a drum This rotating drum provides the force for the fibre 
drawing operation and at the same time stores the fibre neatly by 
translating as it revolves Modern fibre drawing machines commer- 
cially available, are equipped with a laser monitoring device whose 
output excites the feed back mechanism to control the pulling speed, 
so as to regulate the diameter of the fibre to a preset value 
( Me Chesney 1981) • protective coating is applied to the fibre by 
an applicator placed between furnace and the drum, so as to protect 
the pristine glass surface of drawn fibre and to preserve the strength 
Pulling speed varies from a few lOOm/tainute to 3 Km/minute 

Hardly any industry uses this rod technology to draw glass 
fibres for reinforcement purposes* But almost all the optical glass 
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fibres are drawn by this technique To meet the stringent conditions 
of high purity which involve an impurity level of less than a few 
tens of ppb and to have a cladding/ number of techniques have 
been developed to make preforms with a characteristic «tructural 
and optical properties Many such techniques each with a set of 
distinct advantages are commercially being exploited In all of them 
a preform is fabricated by the vapour deposition technique All 
the glass forming elements and the required dopants are taken m 
vapour form and are made to undergo a chemical reaction under well 
controlled conditions of temperature and pressure The glass 
particles so formed are deposited layer by layer* The resultant tube 
is then collapsed to get the required preform which is subsequently 
fiberised to obtain the optical fibers* The various techniques to 
produce required preforms are as follows ( Me Chesney 1981) 

1 Outside vapour phase oxidation technique ( OVPO) 

2 Vapour phase axial deposition technique ( VAD ) 

3 Chemical vapour deposition technique ( CVD ) 

4 Modified chemical vapour deposition technique ( MCVD ) 

1 2 Electrical Properties of Glasses 

Glasses exhibit a very wide range of specific resistivities at 

room temperature While calcium boro aluminate glasses show the 

27 

highest specific resistivity of 10 ChmOn the metallic alloy glasses 

-3 

are good electronic conductors# having a specific resistivity 10 
Ohm_cm In between these two extremes are the oxide and chalcogebide 
semi conducting glasses All the commercial oxide glasses are good 
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insulators with their resistivities decreasing very rapidly with 
temperature ( Rawson 1984 ) 

The following sections give a brief review of the electrical 
behaviour of various inorganic glasses 

1*2 1. Electronic Conduction s 

Many glass systems show electronic conduction A good number 
of reviews exist concerning these semiconducting materials ( Owen 
1970, 1977, Owen and Spear 1976, Mott 1968, 1977) Three types of 
glass systems which show electronic conduction, are as follows 

1211 Chalcogenide Glasses* 

These glasses are primarily based on S, Se and Tl as 
glass formers. It has been shown that semiconducting glasses are 
obtained by melting mixtures of As, Se, Te, S, Sb, Bi, Tl and P etc 
( Kolomie+'s 1964) Their d c conductivity is given by 

o = a Q exp ( - E a /KT ) C 1 #8 ) 

where E^is the activation energy which is a constant 

( Pntzsche 1974) and usually lie in the range ( 0 5 to 1 0 eV) 

Although values as low as 0 2 eV and as high as 1 5 eV have also beer 

3 4 

observed The pre-axponential factor a Q is of the order of 10 -10 

^•1 _5 

(Ohm Cm) but it can be as low as lo” ( Ohm On J and as high 
8 —1 

as 10 (ohm Cm) They are characterised by a well defined optical 

4 -1 

absorption edge which for absorption coefficients <>10 Cm fits 
to an equation of the type , 
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othtf = B 2 ( hi! - Eg ) n 2 (1 9 ) 

where B 2 is a constant. Eg is the optical energy gap which 
is usually equal to twice the activation energy E ( MOttDavis 1971) 

Eg = 2 Eg (1 10) 

The Seebeck coefficient S g is a decreasing function of 
temperature 

E 

s e = | [ “XT + A ! 1 • (1 11) 

Its value is of the order of millivolts per degree 
where A^is a constant and Es is not equal to E^or Eg/2. The 
difference m E Q and E g is in the range of 1 to .15 eV. In most 
of the cases §eebeck coefficient is found to be positive indicating 
holes dominate the transport process. The carrier mobility is 
given by 

/I & exp ( - E u /kT ) • (112) 

This behaviour is explainable in terms of the following 
mechanisms 

i) Direct phonon-assisted hopping between localised 
states (Pfister 1976 ) 

ii) Polaron hopping ( Quinn 4 Seager 1975, Seager et al 1973 

iii) Transport of carriers in the extended states* 

AC. conductivity has been measured m various systems* 

It has been found that variation of conductivity with frequency 
is given by the following relation* 
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a (w)oG 0) n 3 . (l 13) 

where 7^ n 3.£l 0 

Eq ( 1 13 ) has been found to be valid in the case of 
thin films of As 2 Se 3 ( Lakatos and Abkowitz 1971) , Ksfle^ ( Rockstad 
1972) , bulk samples of As 2 Se 3 ^ As 2 S 3 and As 2 Se 3 -As 2 Te 3 ( Owen 
and Robertson 1970, Kitao 197 2,1-Okin andKolomiets 1970, Segawa 
1974) and(As 2 Te 3 ) g^Geg ( Lecleach and Palmier 1975) In some 
systems n^is 2(Lakatos and Abkowitz 1971) in the megacycle 
frequency range It is further reported that the AC component 
of the total conductivity, with increasing frequency becomes 
less temperature sen stive and measured AC conductivity appro- 
aches the DC* value at high temperatures* Conductivity has 
been found to be insensitive to doping which is ascribed to 
the fact that in the disordered materials the coordination 
environment can adjust to satisfy the valency requirement of 
each atom ( Mott 1967, Ovshinsky 1977) • However, electrical 
conductivity increases by many orders of magnitude by chemically 
modifying the amorphous semiconductor with relatively large 
amounts of nickel or other transition metal atoms ( Ovshinsky 
1977) <* 

Recently it has been found out that many chalcogenide 
glasses become metallic under pressure with a continuous decrease 
in band gap and resistivity even as they retain their molecular 
structure C Sakai and Fntzche 1977, Minomura 198 2) ■» 
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4+ 5+ 5+ 

small amounts of reduced ions like V , W and Mo respectively* 
Reduction process is specially needed for Cu and Ti ions in 
phosphate glasses ( Tsuchiya and Mariya 1975, Vaughan et al 1977) 
While for glasses containing large amounts of Mn, Co, Ni ions# 
an oxidation step is necessary as almost all the ions are present 
in the lower valency state* 


The conductivity for these glasses is given by C Mott 
1968, Austin and Mott 1969) 


o 


2) ph e 2 c ( l—c ) 
KTR 


exp C - 2oi w R) 


exp C 


E_ 

H +jV 


1.14) 


where V s phonon frequency 

d^is rate of decay of wavefunction 
c is ratio of core of ions m lower valency 
state and total cone of transition metal ion 
R is average hopping distance 
E h is polaron hopping energy 
Eq is disorder energy 

The conduction mechanign in these glasses is diffusion 
like in nature and the model is based on a random distribution 
of ions in the glass. Therefore any presence of heterogeneity 
will cause the conductivity to deviate from that predicted by the 
above theory* Maximum conductivity in iron phosphate glasses and 

vanadium phosphate glasses occur at c = 5 ( Dozier et al 197 2) 

and between 0*1 - 0 2 (Linisley et al 1970) 

/respectively* Fe and Ti ions in silicate glasses do not follow 

this dependence of conductivity on concentration ( Rawal and Mac 
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Crone 1978) A model is proposed by postulating that charge carriers 
move along paths of relatively highly conducting chains of tra- 
nsition metal ions Usually E^Eq/ 2 and tends to decrease with 
decreasing temp. Thus in contrast to chalcogemde glasses/ plots 
of log P vs ijr for transition metal oxide glasses tend to show a 
continuously decreasing slope over a wide range of temperatures 

1 2 1 *3 Glass-Metal Particulate Composites 

Oxide glasses containing ultrafine metal particles exhibit 
semi conductivity ( Chakravorty 1984) This effect has been 
ascribed to the tunnelling of electrons from one metal grain to 
the next ( Chakravorty et al 1977) A theoretical model/ t 0 
analyse the experimental results/ has been proposed. According 
to this, the generation of a charge carrier viz. electron involves 
creation of a pair of positively and negatively charged grains. 

The energy E° required to create such a pair is given by 

e° = . c i.i5) 

c K 4 d 

where e is electronic charge and d the metal grains diameter 

and 

*1 - t t 1 + ] (l .16 ) 

2fi 

£ = dielectric constant for glass 

s - interparticle separation 

If 0 is the effective barrier height, m the electronic 
mass and h the Planck's constant, the mobility of charge carrier 
in present system is proportional to tunnelling probability 
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exp ( - 2 x e ) where 


X = 



(1.17) 


If p(s) be the density of percolatdbn paths associated with 5 then 
conductivity is given by ( Abeles et al 1976) 


o oc J*jB( $ exp 
o 


where = x s E 


[ - 2 xs - ( iVryb® 

2 V, 

= ( 8ft mQ ) 2 S2 e 2 

h 2 dfe [l-^-§^ ] 


( 1 18) 


_ 2 Tig 7 2pn ~5 

eh [ (1 + -4^ ) 1 


under certain approximations ( Abeles et 
(1 18 reduces tot 


a = 


0 Q exp ( - 


2 ( 


fL. 

kT 


) X/ 2) 


al 1976) 

* C 1 19 ) 


Various glass metal particulate composites exhibits 
conductivity variation with temperature as predicted by eq» (1 19) 

Table 1 2 summenses the E° values for different systems as 
obtained from experimental date* It also includes calculated E° 

C* 

values using average diameters of metal islands as estimated 
from electron microscopic investigation Table 1 3 summarises the 
results obtained on some glass fibres subjected to ion exchange 
followed by reduction, to precipitate silver granules ( Arul 
Mozhi and Chakravorty D , 198 2 ) • In all the cases calculated 
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Table 12 values for various glass-metal particulate systems 


SI Glass composition 
No mol% 


Metallic Average E® (eV) 

species 

diameter Bxp^si- Calc<*~ 
( Z?) mental lated 


Reference 


1 

64siO 0 *1 8B«0- 

8Bi ~0, 

Bi smuth 

50 

4x1 0" 2 

9xl0“ 2 

Chakravorty 


lONa 2 0 

£ -J 





et al 1977 

2 

80V 2 0 5 15p 2 0 5 

5Bi 9 0- 

Bi smuth 

50 

1 .2x10“ 2 

1 3x10" 2 

Chakravorty 








et al 1979 

3 

70V 2 0 s 15P 2 0 5 

15Bi 2°3 

Bi smuth 

100 

4 7xl0“ 3 

3.9xl0“ 2 

Chakravorty 
et al 

1979 

4 

85 B 2 0 2 «5Na 2 0 

10Bi 2 0 3 

Bi smuth 

120 

1 4x1 0" 2 

1.5 x lo“ 2 

Chakravorty 

and 

Chakrabarty 

5 

7^ B„0_ 20Pb0 

5Bi 9 0- 

Bi smuth 

400 

4 2x1 o" 3 

3 8xl0" 3 

1980 

Chakravorty 



w J 





and 

Chakravorty 

1980 

6 

15P 2 0 5 

1 OAg 2 0 

Silver 

200 

1 6x1 0 3 

1 6xl0 -3 

Chakravorty 
et al 1979 

7 

46Si0 2 25b^0 

llK £> 

Silver 

500 

1 .7x10“ 2 

2.2xlo“ 2 

Chakravorty 
et al 


9A1 2 0 3 4sb 2 0 3 

ia« 2 o 3 





1979b 


4Ag 2 0 

( in fibre form) 
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values of E° are in reasonable agreement with experimental 
values 

122 Ionic Conduction* 

Most of the inorganic oxide glasses exhibit ionic condu- 
ctivity In various glass systems like silicates# borates phosphates 
and germenates the presence of modifier oxides induces additional 
oxygen ions* This results in the degradation of the network 
structure. Cations# particularly those from I and II groups of the 
periodic table remain as free ions in these materials. The 
structure is characterised by large holes which facilitate ionic 
migration. These holes are surrounded by non-bridging oxygens 
( NBO) which act as host for the cations The conductivity has 
Arrehenius like temperature dependence given by ( Rawson 1984 ) , 

? » a Q exp ( - Q / kT ) . • ( 1 . 20) 

A number of different transport models ( Nakajima 1972) , 
Tomozawa 1977) have been proposed to explain the behaviour given 
toy ( 1 20) However in a simple model where in ion is supposed 
to move m a periodic potential barrier of average height E# 
it can be shown that ( Rawson H , 1984) 



where n is no of cations per unit volume 
is vibration frequency of cation 
R is average distance between adjacent sites. 
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However the ion a glass experiences a potential 
barrier of random periodicity and heights* thus Q and R 
denote some sort of average values for these parameters The 
correlation factor f in Nernst-E in stein equation 

w 


O 

D 


2 

f 

c kT 


Cl 22) 


where a 
D 
n 

q 

k 

T 


a conductivity 
= diffusion coefficient 
= no* of alkali ions per unit volume 
= charge on alkali ion 
= Boltzman constant 
a temperature in °K 


The general features of ionic conductivity in alkali 
containing oxides can be summarised as follows* 

(i) The ionic conductivity increases with increase of alkali 
oxide concentration but this increase is non-linear 
Thug an increase in alkali content from 15 to 45 mol % 
increases the conductivity about 100 times ( Rawson H 
1984) 

(ii) The activation energy decreases with increase in the 
alkali metal ion concentration 

(iii) Conductivity is propotional to the square root of the 
alkali oxide activity in alkali silicates ( Ravaine 
and Souquet 1973* 1977* 1978) 

Features (i) and (ii) have led to the concept that 
some of alkali metal ion are mobile While others are 'trapped' 
in the structure and can undergo local but no long range motion 
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Feature (in) implies that alkali metal ions exist 
m the structure m such a way th it one can think m terms 
of an association-dissociation equilibrium of alkali oxide 
m the glass solvent, with the charge carried onl^, by the 
dissociated cations This approach is analogous to that- 
used m liquid electrolyte solutions This has beer exploited 
to increase the cation activity by the addition of alkali 
halides m the glass, thereby increasing the concentration 
of undissociated alkali metal ions In such a case, neither 
the alkali ion nor the halide ion becomes bound into the 
macromolocular anionic structure, which consists unmanly 
of shared tetrahedral groups Thus conductivity can be increa- 
sed substantially be incorporating alkali halides and other 
simple salts m the glass An increase of about two orders of 
magnitude m conductivity has been achieved m the case of 
lithium glasses Conductivity has been found to bo greater, 
the larger the ion with which mobile ion is associated Sulphide 
analogs of oxide glasses have ionic conductivities about an 
order of magnitude higher than that for oxide glasses Various 
gla^s systems which have been studied can be classified as 
follows 

1221 silica 

The d c conductivity of bulk silica glasses is normally 
attributed to the presence of impurities, particularly sodium 
(Doremus 1968a ) Q lies in the range of 1 3 eV to 1 5 eV 
Mobilities of Na + , Li + and K + in synthetic silica are found to 
be in the ratio of 1 03* 0007 ( Doremus 1969) The activation 

energy E M is same for all these ions* Hence 1000 to 1 variation 
in mobility should be almost entirely due to similar variation 
in vibrational frequency or some corresponding property 
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1 2 2 2. Binary Alkali Silicate Systems ( R^>-Si0 2 ) 

conductivity increases monotonically with increasing 
r 2 0 content ( Htighes and I sard 197 2) While activation energy 
shows a marked reduction ( Charles 1966) Q lies in range of 54 e V 
to 60 eV. The compansion in Table 1 4 of the resistivities- of 
various alkali silicate glasses at the same molecular composition 
and the same temperature shows that the values increase with 
increasing cation size* However no simple relationship between Q 
and the cation size exists which may be valid over the whole 
range of composition and temperature 

Table 14 DC resistivity of different alkali silicate 

glasses at 100®C ( Ohm Cm) ( Charles* 1966) 


Mol % 
Alkali 


Lr 2 ° 

Na 2° 

k 2 o 


Rb 2 0 

Cs 2° 

15 

1 7 

x io 7 

1 .4 x 10 8 

3 1 x 

io 9 

1 ,4 x 10 10 

ll 

3 3 x 10 

30 

4.2 

X lo 1 * * * * 6 

3.8 x 10 6 

6.5 x 

io 6 

9.7 x IO 6 

1 .6 x 10 8 

40 

9 7 

x 10 5 

1 .4 x 10 5 

9 4 x 

io 5 

3 x 10 6 

—— 


1 2 2 3 M 2 0- Si0 2 - B 2 0 3 ( M * alkali metal ) : 

Following observations have been made ( Otto 1966 ) 

(i) Q increases linearly with increasing MjO content ( 25 mol %) 

(ii) o is almost independent of M 2 0 content 

(iii) o is enhanced by incorporating lithium salts 

Li£0 4 ,Lix ( x * Cl, Br* F ) 


Somplex impedance analysis has been reported ( Tuller et al 1980) 

1 2.2 4 B 2 0 3 -Ll^Q-Ll X ( X * Cl, Br, I ) 

a is strongly dependent on polansability of an ion i e 

radius of ion ( Levasseur et al 1978, 1979) Glasses containing 

— 2 ""1 

Lil shows a maxim a (35o°C) = 3 4 x 10 ( Ohm Cm) and Q = 46eV 

1 2 2 5 Li 2 0 -LiP-Li 2 S0 3 -Li 2 S0 4 -B 2 0 3 ( Smedly and Angell 1978) 

Various glasses containing total Li^ content between 

43 to 84 mol % have been studied A glass with 70 mol % of Li 2 x 

-3 -1 

shows max* 0 ( 200) = 2 26 x 10 Ohm Cm 
a is function of F/D ratio 

1 2 2 6 B 2 0 3 - Li 2 0- Li n x ( n a 1, x« Cl, Br, I, and for n = 2, 
x = S0 4 , n= 3 # x = P0 4 ) have been studied in detail ( Leva- 
sseur et al 1979a, b, 1980, 1981 a, be, Hagenmuller et al 1979, 

Irion et al 1980) a is dependent or Li 2 0 and Li n x content. 

— 2 —1 

0 (300°C) alo ( Ohm Cm) 

max 

1 2 2 7 Li 2 Si 2 0 5 - Li 2 S0 4 { Kone et al 1979) s 

Q ( .66 eV) does not change with composition while 0 Q change 
significantly. Effect of replacing Si by S, shows linear increase 
m a with Li 2 S0 4 content 

1 2 2.8 LiNb0 3 -Si0 2 C Prasad et al 1980) 

The glass with 35 mol % Si0 2 shows o (200°C) » 10 (Ohm Cm) 
on doping with <1 mol % of Fe 2 0 3 a increases one oodcr magni- 
tude. Further addition of Fe^0 3 causes decrease in a which is 
ascribed to the onset of nucleation of crystallites within 
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glass matrix 

1 2 2 9 M 2 D-HF-AI (PO^) ^ Co) s (Evastropev et all974) 

Exceptionally high values of a have been reported Highest 

0 is obtained in SoLiF, 30 Li 0 0 20 Al (P0 0 ) 0 with 0 (300®c) = 

*• -3 j max 

— 2 —1 

10 (Ohm On) and Q * 5 2 eV Mixed alkali effect observed 

in Al (POg) ^“NaF-LiF ( Pronkin 1978) Detailed A C measurement and 
analysis have been reported m LiF. Li 2 0 Al(PQ 3 ) 3 system ( Jagla 
and I sard 1980 , Kulkami 1984) • The number of effective charge 
carriers is very low but mobilities are found to be exceptionally 
high ( Kulkarni l984 a ) 

1 2 2.1o LiP0 3 -Li 2 S0 4 ( Malugani et al 1978) 

-7 —1 

The highest conductivity of 10 ( Ohm Cni) at 25° c is 

reported o increases with increasing Li 2 S0 4 content while T g and 
Q decreases continuously 

1 2 2 11 LiP0 3 *-Lix ( x = Cl, Br< I) (Malugani and Robert 1979) 

A linear increase in a and decrease m T^ and Q is reported 
with increasing Lix content 

1 2 2 12 Li gO-LiCl-PjOg ( Doreau et al 1980) 

Maximum conductivity of the order of 5 x 10~ 7 at 25® C is 
reported 

1 2 2 13 LiI-Li 2 S- ^ Malugani and Robert 1980) 

Various glasses have been made in this system and maximum 

a is obtained in 37 Li 2 S 18 P 2 s s* 45 Lil with a ( 20) m lo“ 3 
"•I 

( Ohm Cm) with Q = 31 eV ( Mercier et al 1981) 
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1 2 2 14 M 2 S-GeS 2 ( M=Li,Na,Ag) * 

GeS 2 forms stable glasses with alkali sulphides such 

that the molar ratio of GeS 2 lies in the range 1 to 5, Maximum o 

-5 -1 

is found in 50 Li 2 S-50 GeS 2 with a (25<*c) * 4x10 (Ohm Cm) and 
q = 5i eV. ( Malugani et al 1978) 

1 2 2 15 Quenched Glasses 

High conductivities have been obtained in Li + containing 
specially prepared glass systems in which one normally does not 
expect glass formation Glasses have been prepared by rapid que- 
nching technique Following systems have been reported 
Li 2 0-Nb 2 0 5 ( Glass et al 1978) 

(ii) Li 2 0- Ta 2 0 5 ( Nassau et al 1979, a,b, 1981 a ) 

( iii) Li 2 0-Al 2 0 3 ( Glass and Nassau 1980) 

(iv) Li^D-Ga 2 0 3 ( Glass and Nassau 1980) 

(v) Li 2 0-Bi 2 0 3 ( Glass and Nassau 1980) 

(vi) W0 3 (Nassau et al 1980) 

( vii) Mo 0 3 (Nassau and glass 1981 b) 

( viii) Li 2 S0 4 -SrMg (S0 4 ) 2 ( Nassau and glass 1981 b) 

(IX) Li 2 S0 4 - La 2 (S0 4 ) 3 ( Nassau and glass 1981 b) 

In all these glasses conductivity values are reported 
to be greatly enhanced compared to those normally obtained in 
corresponding crystals for example the enhanced conductivities 
( a 25o ~l0 3 (Ohm G m ) " 1 ) are almost 10 20 times greater at room 
temperature than in single crystal LiNbOj and are attributed to 
increased Li + mobilities 
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12216 Some other New Glasses * 

Various other glass systems have been developed and studied 
They can be summarized as follows 

(i) zrF 4 -BaF 2 -ThP 4 

(ii) ZrF 4 -BaF 2 *-YF 3 (Chandra shekhar and Shafer 1978 ) 

(iii) PbO-PbCl 2 ( Rao and Elliott 1981) 

(iv) Alkali Tungstate and Alkali Molybdate ( Go s sink 1971) 

(v) KgSO^-ZnSO^ ( Narasimha-rtr ond Rao 1978 ) 

(vi) K 2 S0 4 -N a 2 S0 4 - ZnS0 4 ( Sunder and Rao 1980) 

12 3 Fast Ion Conductors (I I C ) 

Several glasses containing Li + and Ag + ions exhibit 
fast ion conduction Developments in this area has been reviewed 
recently ( Tuller et al 1980) Some important FIC glasses are 
summarised in Table 1 5 conductivity plot& for several such 
glassy FIC's are also .reported * ( Tuller et al 1980) After 

detailed study of these materials# many basic features which 
have been revealed for these FJC 1 s are as follows* 

1* They are formed in glass systems which are known to involve 
considerable network structures like sil icate. Phosphate and 
borate systems and in molybdate and halide systems where 
bonding is essentially ionic 

2 Preexponential factor a Q is much snaller in case of FIC's 
than that for normal ionic conductors This implies that 
vibrational frequency of charge transporting ion which may 
by associated with very shallow potential profiles for 
vibrations is very low This makes the motion of ionic hopping 
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in FIC's somewhat inconsistent ( Tuller 1980) 

3 fbtion of a molten' or highly disordered sublattice of 
conducting ions loses much of its significance m glasses 
while being adequate m crystalline FIC ( McGeehm and 
Hooper 1977) 

4 The transport numbers of ions arc close to unity ( Mmami 
et al 1977) 

5 Q for Ag + FIC's lie in the range of 15 to 47 eV while Q 
for Li + FIC s lie m range of 31 to 73 eV ( Kulkami 1984) 

6 Tg' s for Li + FIC with anions capable of forming net\7ork 
structure seem to have higher Tg ( 160° to 280° C) otherwise 
Tg' s are small C 1:1 2° to 75 °C ) 

8 Agl which is the component of several glass FIC's is itself 
a fast ion conductor m its ( high temperature) crystalline 
form 

124 AC Electrical Properties of Oxide Glasses 

When an insulator is subjected to an electric field it 
gets polarised In any particular material the polarisation 
usually involves several kinds of charge displacements-. In 
oxide glasses polarisation also involves movement of ions over 
de stances of one or two ionic diameters from one equlibnum 
position to another. These require the surmounting of energy 
barriers It takes a finite time for all ions capable of this kind 
of motion to reach their final positions after the field is applied* 
So polarisation vanes with time as shown in Fig 1 1 and can 
be represented as equation 1 23 

p (t) = 'p s -3» ) < 1 " e^cp { — —r-2- ) ( 1 23 ) 


where * relaxation time 



Table 1 5 * Some Glassy Past Ion Conductors 
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As the temperature increases more thermal energy is 
available and hence the rate at which ions surmount energy 
barriers to reach their final position is increased Consequently f 
decreases with increasing temperature and given by 

r = rexp ( E t / kT ) ( 1 24 ) 

where E^is the activation energy for the relaxation 

process 

If the field alternates/ there may be insufficient time 
m one half cycle for ions to reach their final positions and 
for polarisation to reach the final value p e At very high fre- 
quencies none of the ions may move in one half cycle and the 
polarisation will then not exceed the instantaneous value Poo 
Continuous movement backwards and forwards under the action of 
an AC field results in a continuous absorption of energy by the 
material The work done on the ions is dissipated as heat The 
resultant rise in temperature decreases the relaxation time/ thus 
increasing the number of ions which move in one half cycle This 
can result in a run-away situation of progressively increasing 
energy loss 

If glass is brought into a periodic electric field, 
there will generally occur a phase angle 6 which shown how 
much the difference in phase between current and applied voltage 
differs from v./ ^ The angle 6 is termed as loss angle and 
tan 6 the dissipation factor Significance of tan 6 is seen 
from the ejqpression of power dissipated in the form of heat Vi 
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per unit volume per unit time as given by 

E 2 f e tan6 
W = 

8 7T 


( 1 25 ) 


where E = maximum value of electric field strength 
o 

f = frequency of applied field 
^ = dielectric constant at the given frequency 
Thus/ € tan6 ( Loss factor) representing the dissipated 
energy per cycle for unit field strength# is a measure of diele- 
ctric losses [ Stevels, M 1967 ] 

The conduction losses depend on the resistivity P as 
given by the following equation 


tan6 = (1 26 ) 

2tt f 6 1 (f© p 

whereas 8 85 x 10~ 14 F/Cm if P is expressed in d-Crti 
Thus a complex dielectric constant e (o. ) is conceived 
as given by eq 

€ (w) = €'(«) + iC'(w) all 27 ) 


such that £ ** fc«) * € ( w ) tanfi 


( 1 28 ) 


The frequency dependence of conductivity and real 
imaginary parts of dielectric constant and loss factor are 
by Debye equations as shown below ( Rawson 1984) 

(e - 

- - 5 -T -i 

1 + W t ^ 


a (w) 


( 1 29 ) 
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€ (to) 


— + 


1 + u 2 


( 1 30 ) 


H 

£ (w) 


( ^5 ~ ^oo ) 7T 


2 2 
« c 


( 1 31 ) 


tan 6 * ( g&l € »>) (1 32 ) 

fcs + e^c 2 

where and are limiting values of low frequency and 

high frequency dielectric constants corresponding to p and p 

s 

respectively The solid lines in Fig 1 2 correspond to Debye 
equations l e they apply to materials having single relaxation 
time e" attains a maxima at w =*l/t 


While tan5 attains a maxima at u = _1_ ( ) 

"C € op 


V- 


Dotted line represent the A.£ behaviour of a typical glass 

A C measurements on a large range of glass corpositions 
and temperatures exhibit many unifying common features which are 
as follows* 


1 The dielectric loss curves are quite broad* ranging over 
two to three decade* m frequency and can not be described 
by a single Debye relaxation rather results require a 
distribution of relaxation times F (t;) 

2 F ( c ) in all cases is found to be very asymetric* having 
a long tail in short relaxation time region 

3 F ( Z ) xs found to be independent of terrperature*. 

4 Increase in concentration of alkali ions shifts F ( Z ) 
towards shorter relaxation times ( Hakjm and Uhlman 1973) 
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Activation energies for DC j AC conduction are virtually 
identical at alkali concentrations around 5$ ( Heroux L 1&50) 
This implies that same process is responsible for both type 
of conduction 

6 At high frequencies variation of becomes much less 

and usually for a significant range of frequency# dielectric 
loss is constant 


In transition metal oxide glesses AC conductivity obeys 

, , n 4 

a(w) = uu ^ where U is constant increasing with temperature 
and n 4 is m range . 7 to 9 

In terms of p (TT) and can be written as follows* 


6 = 


CO 


" e «> 


) 


( °°F(T)dr 

•' i + u 2 r 


(1 33 ) 


6 = ( ) 


r 


f(o 


i + u 2 r 2 




( 1 34 ) 


Discussion of experimental dielectric behaviour conventio- 
nally proceeds through a phenomenological function F(TT ) which 
fits the data to equations (13 3) and (1 34) 


Systematic studies have been made on lonically conducting 
glasses ( Taylor 1956, 1957, 1959) and subsequently discussed 
( Owen 1963, I sard 1969) Similar results on electronically 
conducting glasses containing transition metal ions have also been 
reported ( Sayer et al 1971, 1972, Murawski and Gzowski 1974, 
Namikawa 1975, Man Singh et al 1975 a, b, 1976, Rawal and Mac Crone 
1978) 



Various models have been proposed to explain this behaviour 
In limited jump model ( Stevels 1957) alkali ion is assumed to be 
moving through a series of potential wells whose barrier 
heights vary in a random fashion This model predicts a strong 
temperature dependence, which is contradicted by experimental 
results ( Isard 1970) In another model, assumption of existence 
and migration of a defect consisting of two alkali ions attached 
to a non-bridging oxygen ion, explains the AC and DC activation 
energy but fails to explain broad de sfcribution in %. without 
assuming an unrealistically large entropy contribution to the 
dispersion ( Charles 1961) • Space charge model has also been deve- 
loped m which electrode effects play a dominant role to explain 
the experimental observations ( Doremus and Tomozava 1974) Loss 
machanisms have been explained on the basis of phase separated 
regions in the glass These regions give rise to a Wagner-Sillar 
mterfacial polarisation loss mechanism ( Isard 1970) But similar 
characteristic loss curves have been reported in alkali glass 
systems despite the absence of phase separated regions within 
them Results have been explained by assuming ions moving 
preferentially along paths or channels of relatively highccondu- 
ctivity ( Hakin and Uhlman 1973) a similar model has been 
proposed for electronically conducting Ptao-SiO-gFejOg glass 
( Anderson and Me Crone 1974) . By using the concept of truncated 
diffusion paths, dielectric relaxation in alkali containing 
i©ns, has been explained ( Aitken and Mac Crone 1974) 
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1 3 Ion Exchange » 

When a glass containing monovalent cations is placed in 
a molten salt containing another monovalent cation# ion exchange 
takes place (Frischat 1975) This reaction can be written as 
following* 

A (glass) + B(Salt) * B(glass) + A (Salt) (1 35 ) 

where A and B are the counterions in the exchanger phase 
and a and B are counterions in liquid phase Molten salts are 
required because of the temperature range needed before the 
cations in the glass become mobile with reference to the negatively 
charged oxygens of rigid# immobile silicate netvrcrk* Ion - exchange 
is controlled by the diffusion of ions in the glass Study of 
diffusion process and the parameters, which influence the mobility 
of cations reveal the basic mechanism of this transport process 
Detailed information on exchange kinetics has recently been 
reviewed ( Garfinkel 1972# Frischai 1975) 

In binary ion exchange# the diffusing species A and B 
are charged and tend to diffuse at different rates This results 
in a build up of electrical charge as one ion tend to move 
faster than the other However, a gradient in electrical potential 
along with this charge acts to slow down the faster ion and 
speed up the slower ion D spite the difference in the mobi- 
lities of two ions, the gradient in electrical potential 
the fluxes of two ions to be e quail and opposite# thus preserving 
the electrical neutrality 
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The driving force for transport of either species A or B 
is equal to the negative of its gradient in total chemical 
potential u, which is the sum of gradient in activity and 
gradient in electrical potential By assuming further that no 
other pressure or temperature gradient is present in the system 
and that mobilities of ions are same m self diffusion and mter- 
diffusion, the flux of diffusing species per unit time in x 
direction is given by ( Doremus 1964) r 



^ c a 

^ Ln a A 

FE 

N -y 

U X 

+ '-'ft 

^" C A 

RT 


] Cl 36 ) 


where D A = self diffusion coefficeent of species A 
C A * ionic concentration of species A 

a^ as activity of species A 

Bg as electric field 


Similarly for ion species B 


J B = -D B [ 


^C B 


^ Lnaj 

iinc 


+ c B 


(1 37 


The equation and J B are referred to as Nernst-Planck 
Equations 

The condition of electrical neutrality requires that 
J A = - J B C 1 38 ) 

And since number of negative exchange sites is constant 
and fixed so 

C> ^ B 

Tx” 

1 36 and 1 37 



( 1.39 ) 
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p 23L r d b~ d a 
Eq= f L _ 


■&Ln a A 


*“A D A + c b d b 


^ Ln 


( 1 40 ) 


which fcy substitution in (1 36) gives 
_ P A D B ^ Ln ^A ^ C A 


Ja - - 


N A °A + ^> Ln C A ^x 


(1 41) 


where N is the cation fraction in the ion exchange 
As actvity is related to concentration ( Karreman and Eisenman 


1962) by 


(1 4 2) 


where r\ is a constant 
*r D a DB 


9° J A “ “ 


N A d a+ n b d b 


(1 43) 


which when compared with Fick's first law of diffusion 
gives the mterdif fusion coefficient D 


D = 


d a d b 


(1 44) 


n a V n b d b 


for an ideal solution n^ * 1 ( Helfferich 1962) 

The temperature dependence is given by Arrhenius equatin 


D = D, 


b e *P C "Eg /kT ) 


D - D c exp (“E^/kT ) 


(1 .45) 
Cl 46) 


where D and D are interdiffusion and self diffused 
coefficients respectively. 

If the electrical current in an exchanger is carried by 
a single ionic species, then by the Nemst-EiaeteiELeguation. 
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° - m?) 2 d «> 

-1 

where a * specific conductivity of exchanger (Ohm Cm) 

R a 8 374 j/ deg mole 

C *= Concntration of diffusing species in mols/Cm 
Z * ionic value 
F » Faraday or 96500 C/ equiv 


The measured a is usually found to be less than that 

calculated from the diffusion coefficient ( Terai and Hayami 1975) 

This difference is ascribed to a correlation factor f which 

r 

depends on the structure of exchanger and the transport mecha- 
nism 


d A 

£ = -A 

r D 
a 


( 1 48) 


where D A is the measured self diffusion coefficient and 
Djj is the diffusion coefficient as calculated from electrical 
conductivity 

Thus f r is a measure of efficiency of Nernst - Einstein 
Equation In case of completely random motion 


f r = 1 (1 49) 

vVhile f^l implies that jump direction is not entirely 
random and next jump depends upond the direction of the previous 
jump As these correlations do not arise in electrical conduction 
(Compaan and Haven 19^6 ) the factor f Y can be attributed to 
correlations in diffusion Several possible mechanisms have been 
proposed to explain the experimental data ( Haven and Verkerk 
1965 # Haven and Stevels 1957) 
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1 .3 1 Experimental Measurements: 

Various techniaues are used to study self diffusion and 
mterdif fusion kinetics To obtain self diffusion coefficients, 
radioactive tracers are necessary Weight change, sectioning 
and electron microprobe data find extensive use for inter- 
diffusion measurements and resistance change to a lesser extent 
In all these methods diffusion profile is measured and by 
equating it to theoretically calculated values, self diffusion 
coefficients and inter diffusion coefficients are evaluated 
These values are obtained by solving Fick's second law under 
appropriate boundary conditions Fick's second law is expressed 
as (Fnschat 1976) 


~c>C 

~&t 


~hx 


D bx 5 


and if D is constant 


"<>t x 


(1 50) 


(1 * 1 ) 


where C is the concentration of the diffusing species 
Generally two types of boundary conditions are used which are 
as follows* 


(a) Instantaneous Source 

In this case the boundary conditions are 


^C 0 6 (x) for t = o 
| for x-»w and t> o 


c (x,t) 


(1 K 2 ) 
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. 2 

Where C g ( g/Cm ) is the initial surface concentration 
and 6 (x) is the Dirac's delta function Under these conditions 
solution of (1 51) is given by 


C(x,t) 



(1, 53) 


(b) Constant Source 

In this case boundary conditions are 

C ( x # t) *) C o for xa0 and t >° (1 54) 

for x^> 0 and t = 0 

and = O for x -*oo and t ) 0 

O 

3 

where C Q ( g/Cm ) is constant initial concentration 
Solution of ( 1 51) is given by 

C(x,t) = C erfc (- ^ — ) (1 55) 

° 2/Dt 


(c) External field 

When diffusion takes place under the influence of external 
electric field E e 


s£- ■ 5 -» 6 e e 


(1 56) 


where u = electrochemical mobility (Cm /V s ) 
e 

Under the boundary conditions of (1 54) the solution of (1 ^6) is 

C o r x-U.E t Ll e x 

C (x,t) = — 3 — [erfc ( " 2 /Dt ^ + exp ( * 


x + 'A E t 

— 4 =^= )] 

2 vTt 


erfc ( 


<1 57 
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1*3 .2 Type of Ion- exchanges 

The entire gamut of alkali exchanges can be classified 
into two categories 

i Alkali exchanges* The species entering and leaving 
the glass are alkali metal ions 

ii Cementation exchanges: This term has been earlier 
used for silver and copper staining but now includes 
the ion exchange of any metal ion other than alkalis 
or alkaline earths 

During all these exchanges Si-0 network is almost stable* 
The mobilities of both cations in the melt are high compared 
with those in the glass and phase boundary reaction between melt 
and glass is very fast Interdiffusion of ions in the glass is 
the rate-determining factor and mterdif fusion coefficient D 
describing the binary diffusion process, is in general 
a function of composition* 

Diffusion studies have been made by tracer technique 
m many glass systems Diffusion of Na, K, Rb and C s is reported 
m glasses R 2 0 3Si0 2 where R * Na/K,Rb,Cs, respectively (Malinin 

et al, 197 2) Diffusion measurements of Na have been carried out 
in glasses having the following composition { Paylovskii 1970) 


(i) 


(loo-x) SiO 2 


(ii) 

xK 2 0 

(100-x) SiO 2 


(iii) 

x LijO 

(20 - x) K 2 0 

SOSiO 

(iv) 

X Ll-P 

(30 - x) K 2 0 

70 SiO 2 



These results show that the interdiffusion process is 
energetically less favourable than corresponding self-diffusion 
process Much work on alkali- ion exchange of glasses have been 
done at temper ature s below and above T^. However most of this 
work has been devoted to technical aspects than kinetics 
of interdiffusion process ( Frischat 1976) 

4* a 

When small Li ions (r = 78 A ) of a salt melt are exchanged 

c 

for larger N& ions ( r^ * 96 A ) of glasses at temperatures above 

T , a lower surface expansion glass is produced which after cooling 
generates a compression at the surface In addition, in some com- 
positions very low expansion crystalline phases can be precipitated 

in surface layer therby increasing the compressive stress in 

2 

the surface upto lQOKp/mw (Varshneya 1975, Cooper and Krohn 
1969 'Garfinkel and King 1970, Schaeffer and Heinze 1974) . Glass 
Ceramics have also been ion exchanged in a similar way ( Barthalomew 
and Garfinkel 1977) Diffusion rates are about a factor of 3 
slower in the glass ceramic in comparison with the glass (Bartho- 
lomew and Garfinkel 1980) Another possibility to generate high 
compressive stress in the glass surface is exchange of larger 

ions from melt for smaller ones in the glass at temperatures 

-f 

below T i.e. (r «= 1 33 A* ) for Na ( r * 96 A > In this 

g c c 

process called as crowding or ion stuffing , the larger ions 

occupy the site of smaller ones. To a first approximation the 

build up of integral compressive stresses, a_ can be characte- 

s 

rised ty the equation ( Hahnert M 1971) 



dt 


(1 .58) 
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where mi = constant 

C s * f}/Kg= relaxation time 
T) = vxscosity of the glass 
Kg s Bulk modulus 

At lower temperatures X is large therefore a increases 
with f t If however t is comparable with £ or if tempe- 
rature is increased# stress relaxation occurs It has been 
found that exchange temperature should be^. loO°C below and 
for t = ( 8 - .9)t s the maximum stress build up can be obtained 
As far as technical applicability is concerned this exchange 
process acquires increasing importance ( Ernsberger 1966# 
Garfinikel 1969) 

Cementation exchange is similar in its early steps to 
that of alkali exchange However two further steps are added 
namely reduction of ions Ag + and/ or Cu + to metals and aggre- 
gation of these metals to ( crystalline) centres of colour 
(- 100 a) Reduction of silver ions occurs with out special 
special treatment by an electron transfer process: 

+- 2+ o _ 3+ 

Ag + Fe -* Ag + Fe 

or for the case of a simultaneous Ag + /Cu + exchange by 
Ag + + Cu + •* Ag° + Cu^ + 

As Fe is a common impurity in the glass » the exchange 
has to be done in oxidising or neutral atmosphere otherwise an 
undesired metallic mirror is precipitated at the glass surface* 
Exhaustive literature is available on Ag -alkali exchange 
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(Fnschat 1976)»TraCer diffusion studies Matousek 1973 # Malinin 
1972) have been carried out using Ho Ag Electron microprobe 
analysis has been used for *5 £ Na + exchange ( Gar finkal 1972) 

Strengthening of glasses by Ag H ^Na + ion exchange has been reported 
( Brungs and McCartney 1975) 

1 4 Phase Separation in Glasses 

It has been observed that many glasses in their molten 
states form homogeneous liquids which on cooling separate into two 
liquids or glass phases ( Stookey 1959a) In many cases# one of 
the phases# possessing higher surface tension, exhibit itself 
in the form of droplets or emulsion* If by rapid cooling a glass 
is made to retain its homogeneous form# it will show this phase 
separation during reheating However# in most of the cases a two 
phase separation occurs very rapidly once the glass is cooled below 
a critical immiscibility temperature This is initiated by a 
process of homogeneous nucleation and is more probable than homo- 
geneous nucleation of a crystal phase within the glass# because 
the interfacial energy between two liquids is very small and 
may be almost zero wheras that between a glass and a crystalline 
substance is quite significant ( Me Mill an 1979) 

Phase separation is exhibited by glasses# which show 
both stable and metastable liquid immiscibility* The general 
features of immiscibility are represented in binary phase 
diagrams for a hypothetical two-component system involving 
A and B# Two types of situation may arise as has been depicted 
in Pig 1 3 and Pig 1*4 respectively Examples of glass systems 



Temperature > Temperature 



Fig 1 3 Schematic phase diagram showing 
stable and metastable liquid immiscibility 



Fig 1 4 Schematic phase diagram 
showing metosfcable immiscibility 
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which show a behaviour typical of fig 1 3 are MQ-Si0 2 ( M= Mg, 

Ca, Pb) ( James 1975 , Doremus 1973) and ZrOj, Si0 2 ( Evans 
et al 1980) Features characteristic of Fig 1 have been found 
in many systems including Ba0-Si0 2 , R 2 0-Si0 2 ( R * Li, Na) , 
Al 2 0 2 -Si0 2 ( Dong Hi and Me Pherson 1980) The crystalline phases 
and the metastable immiscibility regions of phase diagrams are 
obtained by quenching experiments ( Evans et al 1980) 

The tendency of phase separation, both above and below 
the liquidus line has been observed The result of immiscibility 
can be amorphous phase decomposition or glass-m-glass separation 
Initial state of the material l e whether it is thermodynamically 
metastable or unstable, is the prime factor to decide the mecha- 
nism of decomposition In case of metastable region, decomposition 
occurs by the classical nucleation and growth mechanism The 
typical micro structure of such a sysyem is characterised by 
discrete particles dispersed throughout a continuous matrix 
In unstable region, the phases formed during decomposition grow 
by increasing compositional contrast Micro structure developed 
by this mechanign are typified by irregular diffuse phase 
boundaries and both faces are continuously interconnected In a 
hypothetical two component system immiscibility region is repre- 
sented by a dome as shown in Fig 15 The free energy confi- 
gurations at various compositions have a typical variation as 
shown in Fig 1 6, at two temperatures T^and T 2 respectively. 

At temperature T 2 which is below the liquidus line, the 
presence of two minima in the free energy curve, leads to 
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separation into twa phases for compositions lying between A 

and B as the free energy gets minimised by such a conversion 

The locL of free energy minima, as the temperature is varied forms 

the immiscibility dome as marked in Pig 1 5 Two minima, coincede 

at T c which is referred as the upper consolute temperature within 

the immiscibility dome The dotted curve covers the composition 

range m which phase separation occurs by spmodal decomposition. 

This curve is the loci of points for which — — — 5 s 0 at diffe- 

rent temperatures ( Cahn 1968) In this region a small fluctuation 

in composition is associated with a reduction of a free energy 

so that the fluctuation is stablised and separate phases grow 

£ 2 G 

In the regions between a and c and between b and d - -gy " » posi- 

tive and hence any composition fluctuation bore is associated 
with an increase of energy Therefore in these ranges of compo- 
sition phase separation arises due to a nucleation and growth 
( Cahn 1968) mechanism 

In a widely applicable-theory ( Cahn and Hilliard 19^9) 
the variation of free energy with spatial variation of compo- 
sition is considered Total free energy of such a system is 
given by 

F =][ f(c) + To ( %7 c) 2 ] dv (1 59) 

V c 

where ^.(c) is free energy per unit volume of uniform 
composition c and k^is the gradient energy coefficient 

it has been shown that at very low super saturations 
the properties of nucleus in metastable region ( between 
binodal and spinodal) approach those predicted by the classical 



theory of homogeneous nucleation ( Russel 1970) Equation (1 5g) 
is also used to analyse the spontaneous decomposition inside 
spmodal ( Chakravorty 1991) 

The reason for phase separation is basically structural 
and is determined by effects of network forming and network 
modifying cations an the final structure of glass system ( Me Millan 
1979) Silicate glasses are built up of units of Si0 4 tetrahedra 
m which some 'foreign structural units have been incorporated 
At low concentration of foreign unit, the structure may be stable, 
resulting m a single-phase glass, at higher concentrations, the 
disruptive effect can lead to separation into two phases, one of 
which is rich in silica while the other is rich in oxide conta- 
ining the foreign element At still higher concentration the 
added oxide forms the major component such that a single phase 
system results in which SiO^ tetrahedra can be regarded as being 
dissolved m the network of the second oxide 

Various techniques have been used to characterise phase 
separated glasses Table 1 6 summarises the glass system investi- 
gated and the technique used for characterisation 

The effect of phase separation on mechanical properties 
is significant Young's Modulus decreases by 3 % as the texture 

O 

of structure coarsens from 400 to 1500 A ( Zarzycki 1974) , This 

5 

is significant but quite snail when compared to 10 fold change 
in viscosity that can occur during phase separation ( Simmons 
et al 1970) It has been reported that poissorfs ratio is the 
property most senstive to structural changes ( Nimilov & Gilev 197 2) 



Table 1 6 


Various glass systems exhibiting phase separation 
and the techniques for characterisation 


SI Glass Composition 
No 

1 Li 2 0 SiO 

2 Na 2 0 ®*^0 2 

3 Si0 2 B 2 0 3 Al 2 0 3 
K 2 0 Li 2 0 

4 Na 2 0 SiO 2 

5 Li 2 0 SiO 2 

6 Na 2 0 CaO Si0 2 

7 Na 2 0 B20 3 SiO 2 

8 Na 2 0 BaO SiO 2 

9 N a 2 0 S iO 2 

10 PbO B 2 0 3 

11 PbO B 2 0 3 Al 2 0 3 

12 Na 2 0 B ? 0 3 Sl0 2 


Technique of 
Character! sation 

Electrical Condi ctivity 
Electrical Conductivity 
Electrical Conductivity 

Electron Microscopy 
Electron Microscopy 
Electron Microscopy 

Electron Microscopy 

Electron Microscopy 

Small Angle X-ray 
Scattering 


Small Angle X-ray 
Scattering 

Small Angle X-ray 
Scattering 

Small Angle X-ray 
Scattering 


References 


Charles (1963) 

Charles (1964) 
Tomozawa (1978) 

Monya et al (1967) 

Monya et al (1967) 

James and Me Millan 
*(1968,1970) 

Haller et al (1970) 

Snmvasan et al 
(1971) 

Seward et al(l968) / 

Me Dowell and 
Beale (1969) 

Neilson (1969) , 
Tomozawa et al (1970) 
Weinberg and Neilson 
(1978) 

Zarzycki and Naudin 
(1967), Neilson(l972) 

Zarzycki and Naudin 
(1969) , Snmvasan 
et al 0 973) 

Tomozawa and 
Takamon (1977) 


04 


13 K 2 0 CaO B 2 0 3 


14 K 2 0 BaO B 2 0 3 


15 CaO Al 2 0 3 B 2 0 3 
SiO 2 

16 Si0 2 B 2 0 3 A1 2 0 3 
K 2 0 Li 2 0 Na 2 0 


17 TeO 2 P 2 °5 
lB Na 2 0 B 2°3 S ^°2 


19 Na 2 0 E ? 0 3 SiO 2 


Electron Spin Resonance Kawazoe et al(l978) , 

Kokunai andKKanazawa 
(1979) 

Electron Spin Resonance Kawazoe et al (1978) 

Kokumai and Kanazawa 


Light Scattering 


Light Scattering 


Neutron Diffraction 
Chemical Durability 

Vi sco sity 


(1979) 

Hammel and Ohlberg 
(1965) 

Takamon and 
Tomozawa (1976) 
Kerwawyez and 
Tomozawa (1980) 
Tomozawa and Takamon 
(1980) 

Neov et al (1980) 

Takamori and Tomozawa 
(1978) / Tomozawa and 
Takamori (1977) 

Mazurin and Strettsma 
(197 2) , Simmons et al 
(1974) , Tomozawa (1978) 
Takamori and Tomozawa 
(1979) 



henos "to phase separation Various models to calculate Young's 
modulus for such system are reported xn literature ( Ha shin and 
Shtnkman 1963, Shaw and Uhlman 1971) 

p hase separated glasses can be leatched out to obtain 
microporous glasses having an Interconnected micro structure Such 
porous glasses have enormous potential to be used in various 
applications ( Me Millan 197 6) Their important applications 
include enzymes immobilising substrates ( Weatall 1969) carbon 
deposited resistance thermometers ( Lawless 197 2) , high 'H c # 
superconducting materials by impregnating it with Pb-Bi alloy 
and molecular stuffing by index modifier like Ce0 2 to make 
preforms for optical waveguides 
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1 5 Statement of Problem 

From the discussion given in the pre-vious sections it 
becomes apparent that most of the fast ion conducting glasses 
contain silver as the migrating species- However* very few of 
these glasses are based on S 1 O 2 as the network former The reason 
is that it is difficult to incorporate silver ions m such a net- 
work in a large concentration because of the problem of silver 
precipitating out as metallic agglomerates during the melting 
operation [ Rieblmg 1971 ] *t is possible to incorporate silver 
ions into a silicate glass by an alkali ^silver exchange reaction 
at a temperature much below the glass transition point [Prischat 
1976] However, such an exchange mechanism is controlled by the 
interdif fusion coefficient between silver and the alkali ion 

u 

concerned [Doremus 1964] Under ordinary ion exchange conditions 
viz , temperature around 300° C and duration extending to 36 hours 
the silver-rich layer is found to be only a few tens of microns 
thick [ Matousek 1973, Garfinkel 1972] Hence, one way to study 
the effect of replacing most of the alkali ions m a silicate 
glass by silver ions will be to carry out such experiments on glass 
fibres having diameters of the order of 10 microns In the latter 
case, it will be possible to substitute most of the alkali ions 
by silver within the glass by an ion-exchange process- The present 
work has been undertaken to investigate the effect of sodium-^ 
silver exchange on the electrical properties of suitably chosen 
silicate glass fibres 

Presence of metallic granules may also affect the ionic 

1 

conductivity of glass fibres t has been reported that the 



strength of bulk glasses can be improved by the incorporation 
of metallic particles within them [ Krestic et al 19813 Investi- 
gation on the effect of metallic micro granules on the electrical 
conductivity as well as mechanical properties of glass fibres has 
also been included m the present study 

The objectives of the present thesis may be summarised 
as follows 2 

(1) To design and fabricate a semiautomatic fibre drawing 
assembly incorporating various facilities e.g , monitoring 
and controlling the temperatures, temperature gradient 
and drawing velocities 

(2) To draw glass fibres from various glasses and glass- 
metal composite systems# 

(3) To subject all the above fibres to a sodium^silver ion 
exchange under suitable conditions of temperature for 
reasonable period of time & to chemically analyse the ion- 
exchanged glass fibres for their silver content so as to 
correlate this with the resulting electrical conductivity 

(4) To characterize the electrical properties of both virgin 
and ion-exchanged glass fibres 

(5) To characterise the micro structure of all glass fibres by 
transmission electron microscopy 

(6) To measure the strength and young s Modulus of metal 
containing glass fibres 
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(7) To study fracture surface of the metal containing fibres 
by scanning electron microscope (SEM) and correlate with 
observed strength 

(8) To analyse the strength data of metal containing glass 
fibres by Weibull analysis 



69 


CHAPTER II 

EXPERIMENTAL TECHNIQUES 

In this chapter various aspects of preparation of 
glasses in both bulk and fibre form are being discussed The 
details of the fibre drawing assembly used in the present work 
are described Different characterisation techniques employed 
are delineated 

2*1 Preparation of Glass 

All glasses are prepared from reagent grade chemicals 
Two base glass systems chosen for the present investigation are 
referred as N and A Their compositions are described in Table 
3 1 and Table 4 1 respectively 

Proportionate amounts of various oxides ( e g Si0 2 
A1 2 0 3 ) or compounds ( e g Na 2 C0 3 for Na 2 0, CaC0 3 for CaO, and 
H 3 B0 3 f°t B 2 C5 3^ or meta l powder ( e g Al) are thoroughly mixed 
using acetone as grinding medium in FRITSCHE Ball Mill to 
prepare batch mixtures of various glasses in each system Each 
mixture is melted m pure alumina crucible in a terrperature 
controlled electrically heated furnace All these glasses 


have been melted at temperatures an the range of l300 a C to 
l45o^c They have been kept at this temperature for two hours 
each and are mechanically stirred so as to make it bubble 
free a nd homoaeneous The melt is poured m an aluminium mould 
to get a rectangular glass block which is immediately taken 
inside an annealing furnace maintained at 5oo C where it is 
annealed for 6 hours After taking it out from the annealing 
furnace, it is kept inside a desiccator The fibre form of 
these glasses is obtained by fibre drawing assembly (FDA) 

2 2 Fibre Drawing Assembly (FDA) 

Fig 2 1 shows the photograph of this assembly Fig 2 2 
gives a schematic view of the same unit The salient features 
of this system are as follows 

(l) The unit is based on bushing technology where the bushing 
are made of pure alumina indigen eou sly developed and 
fabricated m this laboratory [ Chakravorty et al 
1981 

(ii) The bushings are heated externally bv a temperature 

controlled electrically heated semi cylindrical furnace 
(13 5 KVa) The heating chamber contains eight globar 


rods to which power is fed from transformers 





ontroi panel Lower section af F0A vtfth control panel 

'-’mi automatic fibre drawing assembly (FDA) Indigenously 
•Binned and fabricated by the author 
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_i? Fig 2 4 Schematic view- 
* of VSU 
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Fig 23 Schematic view of TGCU 


Fig. 22 Schematic view of fibre drawing assembly (FDA) 
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(hi) The furnace temperature is controlled by a suitable tempe- 
rature controller ( APLAB 715 2 ) using Pt-Rh thermocouples 
which are placed at different furnace zones The temperature 
m the furnace can be maintained upto 155 OC with an accurcy 
of + 1 0<>c 

(iv) The heating chamber (He) is separated from a vertical one 
by a horizontal ceramic plate (PH) The temperature gradient 
in the vertical chamber (VC) can be varied by moving the 
horizontal plate in or out 

(v) An alumina bushing with a single nozzle is placed in the 

opening of a ceramic base plate (PV) which moves vertically 
m and out of vertical chamber (VC) Around this opening 
there is a gnall furnace (SF) which carries bushing The 
temperature and temperature gradient at the bushingtip may 
be varied and maintained to a specific set of values by 
combination of movement of ceramic plates PH,PV and tempe- 
rature in HC and SF TGCU represents the arrangement to 
monitor and control the temperature gradient at the bushing 
tip Within this, SF is located The bushing tip temp can 
be varied upto 1 200°C while temperature gradient may vary 
m range of lOO°C/Cm to 5oo°C/Cm ( Fig 2 3 ) 

(vi) Glass is kept in the buying and melted. At optimum condi- 
tions of temperature and temperature gradient, a glass 
me niscus is formed at the bushing tip, which is drawn 
m fibre form by a variable velocity motor *D¥NO DRIVE* 
at the required pulling rate- The velocity of draw may be 
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varied in the range of 3m/sec to 2D 0 m/sec The fibre is 
wound on a drum 

(vi) The incoming fibre before being wound on the drum passes 
through VSU unit (Pig 2 4 ) to collect virgin fibre sam- 
ples for mechanical characterisation As described in section 
112 4 strength of glass fibres is quite sensitive to 
surface damage Hence to measure the strength of glass fibres 
before they come into contact with any other surface, vir- 
gin samples may be collected in situe of fibre drawing 
process by VSU unit 

(vii) The temperature distribution along the fibre, during fibersing 
operation is recorded by TPU unit which measures temperatures 
along a length of 30 Cm at an interval of 1 Cm each 

2 2 1 Optimal conditions of fibre drawing* 

Viscosity temperature characteristics of a glass deter- 
mine its optimal conditions of fibensation This itself is 
decided by the chemical composition of glass For a given glass two 
parameters need a stringent control and monitoring They are 

(l) The temperature at the bushing tip (Tg) 

(ii) The temperature gradient at the bushing tip (TG b ) 

(iii) The temperature of glass melt (T^) 

Usually Tb, TG b and T M have a narrow zone of variation 
within which fibre can be drawn continuously without encountering 
fibre breakage If because of any perturbation, either of these 
parameters attains a value beyond the critical range, fiberisation 
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process ceases and either of the following situation may arise 

(1) Glass inside the bushing may be very fluid but yet no 
meniscus be formed at the bushing tip This implies that 
either of (2 1) and (2 2) or both together are true 

T B <T B ( critical) (2 1) 

TG b > TG b (critical) (2 2) 

This situation is termed as bushing being situated in 'Cold 
Zone' In such a case# optimal conditions are regained in this 
FDA by (l) moving base plate inside the vertical chamber and / 
or (n) opening of horizontal plate and/or (m) increasing 
current m mini furnace 

(2) Glass is so fluid that glass starts pouring out through the 
bushing tip and no fiberisation is possible as glass meniscus 
drops to the ground before it can be attenuated to fibre form 
by the pulling force This situation may be described by bu- 
shing situated in 'Hot Zone' In such a case 


T B T 0 (critical) 

(2 3) 

TG q <^TG b (critical) 

(2 4) 

%>T M (critical) 

(2 5) 


The situation is brought bacl< to normal one by ( i) reducing 
current in mmifurnace and/or (li) moving base plate down in 
the vertical chamber and/or (iii) closing of horizontal 
plate 

Many times due to variation in local composition of glass 
or due to irregualr power supply, such perturbation do arise 
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which brings the once attained optimal conditions to either of 
'Cold Zone' or 'Hot Zone' state thertoy needing resetting of the 
conditions In this present set up, this is done automatically 
by a series of control mechanisms activated by a temperature sen- 
sitive feed back circuit 

2 3 Preparation of Ion Exchanged Glass Fibres 

Glass fibres drawn from FDA are subjected to Na + ^ Ag + 
ion exchange, in order to produce ion-exchanged glass fibres 
Bunches of glass fibers of 10 Cm length are cut from the fibre 
cake wound on the drum These are immersed m liquid Agsi0 3 bath 
which is made of a pyrex boat of semi-circular section. This boat 
is maintained at the required temperature within a temperature 
controlled electrically heated furnace with an accuracy of + 1°C 
After fibres have been subjected to ion-exchange treatment for 
the reasonable time (36 hours) boat is taken out of the furnace 
bunch of ion exchanged glass fibres taken out from AgN0 3 melt and 
cooled m a petri dish These fibres are treated in boiling water 
thrice fori hr duration each and then washed throughly in 
acetone to remove any silver nitrate adhering to their surfaces 

The fibres are taken out of acetone bath and kept in a 
desiccator 

2*4 Electrical Resistivity Measurement 
2 4 1 Sample Preparation : 

A piece of 2 Cm length is cut from the bunch of glass 
fibres for both virgin as well as ion exchanged fibres They 
are weighed by a electronic weighing balance (least count lOugm) 
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A length of O 5 Cm from each side of this bunch of fibres is 
coated by silver paste This bunch is placed between two stainless 
steel electrodes of conducting cell and pasted at the electrodes 
by silver paint 

2 4 2 Conductivity Coll 

Pig. 2 5 shows the schematic view of the cell used for 
electrical measurements It consists of a stainless steel jacket 
J, 300 mm long having a diameter of 5o mm and E 2 are two 
stainless steel electrodes These electrodes consist of a screw 
and nut arrangement having two small stainless steel bushes which 
are used to hold the sample The bushes are tightented by a spring 
attached to it by the nut so as to always keoo it in a compressed 
state These electrodes are supported on an alumina substrate 
which itself is attached rigidly to the main structure of the cell 
The centre to centre distance between the two electrodes is 22 mm , 
while the diameter of each of bushes is 1 2 mm. Thus the free distance 
between the two bushes is 10 mm The sample of length 20 mm , coa- 
ted on both ends by silver paste (NPL, New Delhi ) upto 5 mm 
length, is clamped between these spring supported bushes Silver paste 
is also applied to these bushes before placing the specimen, 
so as to assure good ohmic contact between the specimen and the 
bushes The spring supported mechanism ensures good ohmic contact 
even at higher temperature 

The main structure of the cell consists of three stainless 
steel rods fixed to a bronze flange The alumina substrate supporting 
the electrode assembly is rigidly attached to this mam structure 




Fig 2 5 Schematic view of the conductivity cell 




79 


The electrodes are connected to the BNC connectors B with 
shielded wires A chromel-alumel thermocouple is placed near 
the electrode assembly its other end taken out through the 
teflon disc fitted onto the flenge Hq is a non-inductive heating 
coil wound on a porcelain tube This is connected to a 30 volts 
2 amperes regulated power supply , through the shielded wires 
passing through the teflon disc The flange is brazed with a 
cooling coil and clamped to the jacket through 0 ring The 
jacket also has cooling coil assembly attached at its top D 
contains the desiccant, silica gel for keeping the chamber moi- 
sture free The sample holder can also be flushed with a dry gas 
After loading the sample, the entire assembly, properly connected 
and clamped is placed inside an electrically heated temperature 
controlled assembly By this set up the temperature can be vari- 
ed from room temperature to 500°K with an accuracy of + 1°K 

2 4 3 DC Resistivity 

Fig 2.§ represents the schematic view of circuit used 
for measurement of current- /o It age characteristics of different 
samples The sample and the standard resistance are in series 
with a 30 V 2 amp DC regulated power supply ( APLAB Model 715 2) 
The potential drop across the standard resistance is fed to Y 
axis of XY recorder ( No 2000 made by Digital Electronics 
Ltd India) The potential drop across the sample is fed to 
Keithley Electrometer ( model 610) whose out put is fed to X 
axis of the XY recroder Use of electrometer is necessary beca- 
use of the impedance mismatch of sample (^lO^Q) with that of 
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Fig 27 Schematic circuit diagram forAC resistivity measurement 
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g 

the XY recorder ( 10 Q) The applied voltage is varied by the 

power supply and this is recorded as I-V characteristic on the 
X-Y recorder at a given temperature The sample consists of 
number of fibres parallel to each other If ith fibre has a resista- 
nce the total resistance (R ) of the sample is given by 



(2 6 ) 


= PS 


ii 2 ai 


(2 7 ) 


PS 


m 


K d l 


t 


As all lengths are equal to L so 


i 

Ro 



L d t 


m o 
- o 


L 2 , 


(2 8 ) 


where riband L are the mass and length of uncoated length 
of specimen If M and are the mass and length of sample 


m = —— L (2 9) 

° h 

from equations (2 8) and (2 9) 


p = M Rq (2 10) 

L l-l d, 

where R q is the resistance determined by the slope of (I-V) 

curve 
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Before each measurement, the temperature of the system 
is maintained constant for sufficient time ( approx 2o minutes) 
to attain equalibrium by the arrangements described earlier 


244 AC Resistivity 

A schematic circuit diagram for AC resistivity measure- 
ment is sho>nln Pig 2 7 A General Radio GR 1615 transformer ratio 
arm capacitance bridge with GR 13136 oscillator bench and GR 123 2 
tuned amplifier and null detector are used to measure capacitance 


c and conductance G at various frequences At each temperature 
the a c resistivity is determined by measuring capacitance and 
conductance G at frequencies (f) 02, 12, 1 0, 5 o, 10 0, 5o O 

and 100 KHz respectively The a c resistivity is obtained from 
the following equation. 


M 


AC 


LL l d l 


_ 1 _ 

G 


(2 11 ) 


where m k s units are used forM ,L,L^ and d^ 

The real and imaginary parts of the dielectric permi- 
ttivities are calculated using the relations 


d,LL t C 



UC 


D a 

G 

where u = 2 ji f 
and € 0 = 8.64x10 


(2 12 ) 

(2 13) 

(2.14) 

farads/to is the dielectric 


constant of free space 
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2.4 4 1 Complex Impedance Analysis of A-C Data 

Conductance G( w) and capacitance C(<*>) contain all the 
information regarding electrical relaxation at a given temperature 
For various reasons# these variables are transformed to complex 
resistivities ( P* ) complex modulus ( M* ) , complex permittivity 
( £* ) or some other formalism ( Bfettcher and Bordewijk 1978 Vfong 
and Angell 1976) It is important to note that such transformations 
may emphasize and therefore# help resolve one particular aspect 
of relaxation process# but no new information which is not conta- 
ined in G( w ) and C( m ) can be extracted For a specimen of unit 
thickness and unit area of across section 


P* = P' - iP" 


G . ac 

g 2 + A 2 ’ 


(2 15) 


M* = M'+ lM" 


<*> 2 C 


2 

G + 


W^c 2 


W 2 G 


(1 16) 


6* 



(2 17) 


complex conductivity 
and loss tangent 

tan6 



G 


( 2.18) 

(2 19) 


These equations imply that a plot of P" or M*vs log u 

will show Debye peak at = 1 where £ ( - C/ G )^ g ^ me 

ID C 

constant The P # or M vs log ^Cwill be a sigmoidal curve with 
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a point of inflexion at<^€ =1 On a complex plane P* vs P* 
will be a semi circle passing through origin. However# the 
experimental data for any glass rarely agree with the above 
description This implies that specimen can not be simply treated 
as a parallel combination of a resistive and capacitative element 
This departure m behaviour from that of an ideal capacitor is 
due to that fact that a real sample usually consists of a dis- 
continuity at the electrode glass interface which has different 
polarisation properties than the bulk specimen In most cases this 
can be approximated by a series combination of two parallel R-C 
elements 


The electrode interface polarisation is a highly capacitive 
phenomenon, exhibiting a much larger time constant than the bulk 
phenomenon. Complex resistivity plots ( P" vs P') are generally 
used to separate these two effects, each appearing as an arc of 
a circle ( Hodge et al 1976, Jam H and Nagi K L 1983). The DC* 
conductivity of the glass is given by the high frequency inter- 
section of the semicircle with the real axis This procedure has 
been used in the analysis of data so as to check whether there 
is any effect of the electrode polarisation on the data collected 
by either Do or A C resistivity measurements. 

2.5 Differential Thermal Analysis (DTa) 

To determine various transformation temperatures chara- 
cteristic of a glass system, DTA analysis is undertaken for all 
the virgin glass fibre samples The fibres are ground and 
then sieved out in the range of -14 mesh to 20 mesh ( particle 
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sxze^aloum) Pure alumina is taken as a reference These powders 
( 100 mg) are taken m alumina crucibles and heated at a rate 

of lOoc/ninute ipto 1000°C Temperature/ DTA and weight loss are 
recorded photographically by a MOM Denva to graph, Hungary 

2 6 Electron Microscopic Analysis (TEM) 

Both virgin as well as ion exchanged fibres are subjected 
to electron microscopic analysis Their micro structures and sele- 
cted Area Diffraction (SAD) are recorded by Phillips EM 3C1 
electron microscope operating at 100 kV For this purpose the 
electron microscopic samples are prepared in the following manner 

261 Preparation of Electron Micropic Sample: 

A thin film of carbon is deposited on a cleaned glass slide 
Cuts in form of squares of approx sizes of 2 mm x 2 mm are made 
on this film formed at the glass slides The glass slide is dipped 
into deionised water and small pieces of carbon films peel off 
from the surface of glass slide and float on the surface of water 
Electron microscopic copper grid (EMG) is made to cover itself 
by one of these small pieces by dipping it into the water below the 
floating piece and taking it out along with the film This carbon 
coated grid is kept on a cleaned glass slide Glass fibres are 
crushed to very fine powder form and a very dilute suspension of 
this p>owder is made in acetone A drop of such suspension is poured 
on the carbon coated EMG A than film of callodion is floated on 
the surface of deionised water and this sample containing EMG is pla- 
ced on the surface of this film in such a way that glass particles 
ib sandwiched below the carbon and callodion films respectively 
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The EMG is fished out of water and dried in an oven at lOO a C for 

1 hour 

2 6 2 Analysis of S A D 

The diameters of diffraction rings are measured from 
the negtive by using a graduated eye-piece with an accuracy of 
O'! Cm The interplaner spacmgs are calculated from the relation 
given below 

R s cL.^ = Camera Constant (2 2D) 

where R s is radius of diffraction ring and d^^ the corre- 
sponding interplaner spacing The camera constant is determined 
from the standard gold diffraction pattern obtained at 100 kV 
( Srivastava A and Chakravorty D 1978) 

2 7 Chemical Analysis 

To estimate the concentration of silver ions m the ion 
exchanged glass fibres a weighed amount of these fibres is 
dissolved in dilute and a few drops of HNO^ added so as to 

dissolve silver m the form of silver-nitrate The resulting 
solution is analysed for silver by an IL/751 atomic absorption 
spectrophotometer, which is calibrated by standard solutions 
of silver in the form of silver nitrate 

2 8 Density Measurement 

Density of glass is measured by bouyancy method A 
known weight w-[ of glass is dipped into the water and weighed 
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giving its value W 2 Density is calculated by following formulae, 
W 1 

= (2 21 ) 

w l“ w 2 

2 9 Diameter Measurement 

Diameters of glass fibres are measured by an electronic 
comparator ' Sheffield ACCUTRON' U S.A* with an accuracy of 
254 micron The fibre is held between two heads of a pressure 
transducer which is calibrated for the de splacement First the 
scale of accutron is calibrated by slip gauges 

2 10 Measurements of Strength and Young's Modulus of Glass Fibres 
2 10 1 Sample Preparation 

To measure the strength (S) and Young's (E ) modulus of 
glass fibres samples of length 10 Cm each are cut and pasted 
on fibre mounts which are fairly stiff smooth rectangular bits 
of paper of dimensions lOCm x 1 5 Cm x 25 Cm, having a 
rectangular slot of width 1 0 Cm and length equal to the 
gauge length, in the centre of paper ( Fig 2 4) . The fibres are 
mounted m a line through the centre of each slot and parallel 
to it Fibres are held firmly to the mount by pasting an adhesive 
( Quick Fix ) at the mounts of this slot. The extra lengths 
of fibre extending for about 2 Cm each beyond the slot are 
either side are fixed to the ends of mounts oy using cellotape 
These extra ends may be used for diameter measurements in cases 
where the bits of fibres remaining within the gauge length 
after breaking is too small to be of any use The mounts are 
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stored m a desiccator In case of determining the virgin 
strength of fibres, the samples are collected m situ during 
fibre drawing by the VSU unbt of FDA ( Pig 2 4) In case of 
non-virgin samples, fibres drawn and collected from the drum 
are used and single filaments are taken out from the bunch of 
fibres They are cut to proper size and mounted on the fibre 
mounts as described above 

2 10 2 Testing of Fibres : 

Instron Machine is used for the determination of s and E 
Fibre mount is firmly held between the two grips of Instron 
and load is adjusted to the 2 ero value The sides of the mount 
are cut, leaving the fibre intact, so that when the crosshead 
is made to move, the entire load is taken by the fibre itself 
Fibre is pulled till it breaks The breaking load as well as the 
elongation m the fibre are directly read from the chart traced 
on the x-y recorder attached to Instron The load cell used 
has a range 0-5o gms with a least count of 1 gm A uniform 
chart speed of 2 Cm /tnin, 5 Cm/inin 4 10 Cm/nin have been tned 
but for the accuracy of results chart speed of 10 Cm/mm has 
been used Crosshead speed has been maintained at 0 05 Cm/friin 
and a gauge length of 5 Cm has been used 

2 lo 3 Calculation of Strength and Strain 

Strength of ith specimen is evaluated by measuring the 
breaking load P^rom the Instron chart and diameter ( D a ) of 
fibre as described in Section 2.9 by the following 
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4 p 

s = i (2 22) 

1 2 
71 

strain is given by e^. 

Crosshead Speed • Time Taken for Breaking 
©i 

Original Gauge Length of Fibre 

Cross Head Speed « Total distance Covered by Chart 
lipto Point of Breaking ( x i ) 

Original Gauge Length of Fibre * Chart Speed 


which under present conditions becomes 


to** 2 3 x. 


(2 24) 


2 10 4 Determination of Young's Modulus: 

For a single measurement Young's Modulus may be estimated 
by the ratio of strength to strain i e 



But it is seen that for a set of such measurements taken 
on N number of fibres ( N ^30), E x show a wide destnbution 
Usually the mean of % found by equation ( 2 22) has been taken 
as an estimator for Younefsmodulus of glass fibres i.e 


E 


N 

E 

1*1 


E ± /N 


(2.26) 


2 23) 


But it is being proposed that a better estimate of 
Young's Modulus can be made by regressing a straight line 
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between strength and strain# passing through the origin in the 
strength- strain plane The slope of this line gives the best 
estimater for young's modulus of the glass fibre# as the regre- 
ssion line approximates the actual stress-strain relationship 

for a given set of glass fibres If the regression line is given 
by 

S « E r e (2 27) 

where E r is the slope obtained by the least square fit of 
the strength versus strain data then according to this proposition 

E (E ) = Er ( 2 28) 

where E(x) is the estimator of variable X# 

2 10 5 Determination of Strength 

Strength, especially in the case of glass fibres is a 
statistical quantity It arises due to the distribution of 
surface flaws existing on the surface of the fibres as have 
been described in section (1 1 2.1) Two estimators of strength 
E^(S) and ^(S) are being evaluated Either of them is found 
out by talcing the mean value of strength for individual fibres 

Two sets of strength data are available to represent the 
sarrple. One of them is found as per the equation (2 22 ), while 
the other set is found by using eq ( 2 27) This calculated 
strength S c is found as 



and two estimates of strength are given by 


(2 29) 
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E 1 (S) = S = ! S,/ N 

1 1 

E 0 (S) s § = £ S_ /N 

2 C 1 1 

Where S and S are the mean of distributions of S. 

c 1 

and S respectively It is shown by variance and Weibull 

i 

analysis respectively that E 2 (S) is a better estimator of 
strength than (S) for a qiven glass fibre 

2 10 6 Weibull Analysis 

It has been shown m section 1123 that strength 
distribution is given by Weibull distribution as described by 
equation (1 3) This equation contains two parameters S Q and b 
Specification of strength value m terms of these parameters 
is the best way of representing the entire set of data These 
parameters contain all the information about the distribution* 
Two technicrues are being used to evaluate S Q and b, which 
are as follows 

2 lo 6 1 Graphical Regression Technique (GRE) 

In this method a least square fit line is regressed 
between Log and Log ( Log (1-P^)) If and J 2 are the slope 
and intercept of (Log ) axis for Log (Log (1-P^)) being zero, 
then equation (1 3) can be rewritten as 

Log S = Log ( Log (1-P)) + Log S Q ( 2 32) 


( 2 30) 

(2 31) 
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So b = 1 /J 1 


( 2 33) 


and S Q = exp ( J 2 ) 


( 2 34) 


To get the probability of failure for strength 
S^S^, the strength data are arranged in ascending order of 
values The cumulative probability P^ is found out from this 
table as 


> ± = 1/ (N i- 1) 


(2 35) 


Where i is the sequence number for strength 

2 10 6 2 Maximum Likelihood Technique (MLE) 

In this technique, the likelihood function is minimised 
with respect to two parameters ( Cohen 19^1) The likelihood fun- 
ction for failured censored sample with failure strength of r 
fibres that failed out of n fibres is given by 


rb _ \ r / _b-*l v { 1^1 


T ,b N r , „b-lx , £=*1 ~i ^ r „b-l 

!•<«(-)) (tSi )«p(- — — ■ > '-J~r- S 1 


ST n-r 

( - ~~ ) ds] ( 2 36) 


Where A - S 

o 

1 

Or S = (A) 5 


( 2 37) 
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Taking Log of L and differentiating equation ( 2 36) 

w 

w r t A and b respectively one gets 




r 

5 sf + ( n- 

d 

c)a 

Log e L *s — 

- + 
A 

1 X 

2 

A 

**b 

- Log L = 

r 

+ £ Log 

& 

b 

i=l 6 


(n-r) 

s b 

r 

L °g e s r - 


( 2 38) 


- - [ £ S , b Log Si + 

Tk X © 


(2 39) 


and for MLE ' Log o L = ° — Log^ L = 0 ( 2 40) 

"5a 6 0 b e 


As m this work, complete sample is being analysed so 
r . n (2 41) 


Hence values of and & , which are the estimators 
of b and A respectively are obtained from above, are as follows 


n 

2 

1 


A 

S i 


H 



i n 

- ? s ± 
n 1 


(2 42) 


A 



(2 43) 


Eq. (2*4 2) is solved by Newton-Raphson iterative method 
to get 1o and when this value is substituted in eq» ( 2 43) 

% is determined 
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By general theory of MLE ( Cohen 19 5 1) it has been shown 

that ( Id, % ) is a bivariate normal with mean (b,A) and variance, 
co-variance matrix given by 

^og L 


E ( - 


) E ( - 


^ b‘ 


\jogoL 

E ( - ) 

0 A db 


2 bog^L 

7 ) b 3 A 


-1 


E ( - 




°g- b 


3 


*2 ) 


( 2 44) 


Where E(z) is the expected value of Z 
It can be shown that variance (b) , variance (A) and 
co-variance of (b,A) are given by 


* 1 >. bog,, b 

Var ( b ) = - ( - ) C a 


U 


Za 2 


b,A 


( 2 45) 


Var ( A ) 


i (■ 

U 


b bog e b 

U a 


)/^ A 

h,A 


( 2 46) 


* A 1 , ^ Lo ^e L 

Co-Var (b, A ) = - ( 

U b A ^b 


) A /\ 

; b, A 


(2 47) 


Where U = [ ( 


V Log b Log b 


^ b 2 


) ( 




) - 


"c) bog L 2 




A 


) 3a ^ 

b, A 


(2 48) 



of 




> Log o L 


£ £ 

b, A 


n 




■j [ | (Log e S i ) 2 ] ( 2 49) 


2> 2 


Log e L 


a A 2 


C £ 

b, A 


n 


a 2 

A 


- [2s*] 

^ i i 


a3 

A 


( 2 5o) 


v & 

3 Loq e L 
^ A b 


A 

A 


n b 

t Log 


e S i 


A 2 


(2 53) 


For feibull distribution mean and varance are calculated by 


S = 


b+1 


b 


S. 


Var (S) 


C ,n 

+ 2 1 

j5 4- 1 

* % 

/"■* 

b 


( 2 52) 


( 2 53) 


and coefficient of variation, which is independent 
A, is obtained by 


Var (S) 
^2 


liTTTTT^ - rmr/f 


(2 54 ) 


irr+TT/s 


A A 

By using above equations b and S q are evaluated for 


S. and S 
1 c. 


both sets of strength l e 
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2 10 6 3 Regression of Line 

As has been ae scribed in earlier sections linear rela- 
tionship is regressed between two variables ( X.^,/^) to evaluate 
slope m and intercept C in the following form 

Y = mX + C ( 2 65) 


This is employed to find activation energy and pre- 
exponential factos in case of D C resistivity. Young's modulus 
from strength (S), strain (e) data and t/eibull parameters b and 
S q from probability ( P) and strength (S) To do this analysis 
condition of least square fit is used which is as follows The 
error is given by a function F^ such that 

F ts £ ( Y - mX -C) 2 (2 56) 

e i i ~i 


for condition of minimum error. 



0 



By solving one gets 

x y - yy 

(x) 2 - (P l 

X W - Y P 

(x) 2 - (X 2 ) 


( 2 57) 


(2 58 ) 


(2 5g) 


and C 
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Such that Z - 


1 ~ 

- S z 
n 1 1 


lie re Z is the mean of Z, 


Var (m) 


[ ZY ± - n (y) 


2 


(2 60) 


Var (C) 


2 r 1 

p * c ; 


x 2 


r ^ 

[ ZX ± - 


ntx) 2 ] 


( 2 61 ) 


Where « -- [ S ( Y - C - mJC^) 

n - 2 x 


2 -, 

J 


n 


- 2 


2 - 2 
Z Y* - nY 


, EX Y -nX Y, 
( i i ) 


( Ex 2 - nx 2 ) J 


Thus from above equations m and C are evaluated and 
a line fitted by above method provides these parameters with a 
rancre such that m and C lies between m + ^m and C + AC 
respectively such that 

Am = 7 var (m) * ( 2 63) 

&C = f var (cV ( 2 64 ) 


2 6 2 ) 



mined so 


In case C = Log e B where B is a parameter to be deter- 


B - exp (C) 


( 2 65) 


4B ss exp (C) AC = B AC 


( 2 66 ) 


Thus B as well as A B are obtained 

In case of line passing through the origin the above 
equations simplify to the following 


m = EX Y / EX 

l i' l 


( 2 67) 


Var (m) = — 


EX 


Where B, 


i 

1 

n-1 


( 2 68 ) 


EY - 


( SY 1 X 1 ) 


ex: 


(2 69) 


jOk m = •/’var(m) 


(2 70) 


2 llo 7 Determination of Fracture Surface* 

The fracture surface has been studied by a scanning 
electron microscope (SEM) , ISI-60 U K The glass fibres 
fractured under tensile test are mounted on cylindrical aluminum 
base ( 1 Cm x 1 Cm) with their fracture surface showing upwards 
The length of such specimens is kept at about 5 cm Their 
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lower ends are pasted with silver paint to the aluminium base 
The entire assembly is placed in a vacuum unit and a thin ss 
5o A thick film of gold is deposited on the fractured surface 
of the specimen. This aluminium base loaded with gold coated 
glass fibres is observed m scanning electron microscope and 
fracture surface morphology is photographed The same method 
has been used to study the corrosion resistance behaviour of 
these glass fibres to dilute hydrofluoric acid 
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CHAPTER III 


Electrical conduction m ion exchanged glass fibres 
3 1 INTRODUCTION 

Electrical conduction m alkali containing glasses arises 
due to the long range migration of alkali ions under the influence 
of an electric field Ionic conduction m glasses has become 
important because of its technological importance The possible 
use of ionic glasses as solid electrolytes has drawn attention 
of many research workers to this field [Tuller et al l98o] 

Various glasses so far investigated for fast ion conduction, 
have high alkali content or silver ion content ranging from 
40 to 70 mol % Almost all of such fast ion conducting glass 
compositions are derived from Lithium based glass systems or 

Agl based glass systems [ Kulkarni AR et al 1984] It has been 

* + + 

known from Na ^ Ag ion exchange studies m some glasses that 
activation energy for silver self diffusion is low 
("Fnschat G H 1976] This has prompted us to study the effect 
of replacing sodium ions by silver ions m an oxide glass on its 
ionic conductivity As silver rich layer so produced is usually 
a few microns thick [chakravorty D et al 197 2 , Collins DR et al 
1966] it is possible to enrich glasses by silver ions to more 
than 90$> of their sodium concentration by subjecting the glass 
fibres with diameters around lOMm, of the said glass to a Na + ?=! Ag"*" 
ion exchange 
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It is to be noted further that by changing the sodium 
ion concentration m the base glass a significant change m the 
ionic conductivity of virgin glass fibres can be brought about 
This change in alkali concentration is also expected to bring about 
drastic changes m the electrical conductivity of ion exchanged 
fibres because of corresponding variation m silver ion concentration 
m their fibres 

In this chapter we describe the results obtained with ion 
exchanged glass fibres having different initial concentrations of 
sodium ions 

3 2 Results 

The composition of glass fibres which have been investigated 
are referred to as glass system N Table 3 1 gives the compositions 
as well as the density of these glasses 

3 2 1 Glass Preparation and Fiberization 

The glass batch is prepared with the compositions described 
as above m which Na 2 0 an< ^ Ca0 are as carbonates The glass 

is melted m an alumina crubible at 1450°C for two hours The 
melt when free of air bubbles is poured into aluminium mould 
to be cast as thin rectangular plates which are later annealed 
at ^00°C for 6 hours These plates are powdered and the glass 
powder so obtained is used to draw glass fibres as described 
in section 2 2 The fibensation parameters are described in 
table 3 2 

3 2 2 Ion Exchange i 

A bunch of fibres of length 10 Cm of each composition have 
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Table 3 1 Composition and density m glass system N 


SI No 

Glass 

Na 2 0 

sio 2 

CaO 

B 2°3 

a1 2°3 

Den sity d. 
(gm/cc) 

1 

Nl 

10 

64 

14 

8 

4 

2 62 

2 

N2 

20 

60 

13 

4 

3 

2 63 

3 

N3 

30 

55 

1 2 

- 

3 

2 62 


Table 3 2 Fiberisation parameters of glass system N 


SI No 

Glass 

Melt Temp 
Tm (°C) 

Bushing Temp 

t b (°c) 

Bushing Tip 
Temp Tp (°C ) 

Velocity of 
draw m/sec 

1 

Nl 

1390 

975 

900 

15,13,11 ,10 

2 

N 2 

1335 

940 

870 

1 6/1 3 ,11 ,10 

3 

N3 

1300 

920 

820 

20,16,13,11 


Table 3 3 Molar fraction of silver m glass system IN 


SI 

No 

Glass 

Co ncentr atio n 
of glass m 
solution [g] 
M-am/cc 

Cone of silver 
in solution 
[Ag] Ugm/cc 

Weight fraction 
of Ag ( u Ag ) 

Molar 
fraction 
of Ag 

1 

INI 

4 2 

1 10 

0 26 2 

95% 

2 

IN2 

3 5 

1 56 

0 446 

98% 

3 

IN3 

2 3 

1 30 

0 565 

9 6% 
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been ion exchanged in a pyrex boat containing molten A<^SJo 3 at 
330°C for 36 hours as described m section 2 3 The Ion-exchanged 
gla^s fibres are being referred to as constituting m glass system 

3 2 3 Chemical analysis 

IN qlass system has been chemically analysed for silver 
by an IL/751 atomic absorption spectrophotometer as described in 
section 2 4 The results of chemical analysis are being summarized 
m Table 3 3 

3 2 4 d T A Analysis 

Fig 3 1,32 and 3 3 represent the DTA curves obtained 
for N glass system The glass transition temperature Tg, nucleation 
temperature T N and growth temperature T Q for these glasses are 
being summarized m table 3 4 ( D Bahadur et al 198 2) 

325 Electrical Measurements s 

D C and A*C resistivity measurements for these fibres 
have been carried out as discussed xn section 2 4 A bunch of 
fibres cut to required size ( 1 6 Cm ) are loaded xn the conductivity 
cell between two electrodes Silver paste is used to make contact of 
fibres and electrodes I-V plots are obtained on x-y recorder 
by the circuit described in section 243 The slope of these 
plots gives D C resistance ( R| of te sample* Resistances have 
been found by such slopes of I-V curves obtained at various 
temperatures All these plots have been found to be straight 
lines passing through the origin* Typical representative plots 
for N and IN samples are shown in figs 3*4 and 3 5 respectively 
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3 2 5 1 AC Measurements and Complex Impedance analysis 

A C measurements yield the values for conductance (G) 
and capacitance (C) as a function of frequency (f) The fre- 
quency has been varied from 20 Hz to 100 kHz Impedance analysis 
have been carried out for all these glasses at various tempe- 
ratures The real (Z # ) and imaginary (z' ) parts of impedance 
are calculated by equations 3 1 and 3 2 


z' 


2 2 2 
G +orc 


1 c 


z' 


2 2 2 
G +W C 


(3 1) 


(3 2) 


where w = 2nf 

Various points in the Z -z' ' plane are found to lie 
on the arc of a circle The intersection of this arc on the 
real (2 ) axis yields the D C resistance (l^,) of the sample 
Pigs 3 6* 3 7, 3 8 are typical Z''-z' plats for N glass system 
while figs 3 9, 3 10 and 3 11 represent the similar behaviour 
of IN glasses system Table 3 5 summarizes a typical set of 
results of complex impedance analysis It also includes the per- 
centage error (e r ) in D C measurement (f^) as compared to the values 
obtained by impedance analysis Error (e r ) is given by equation 3 3 


e 



x 100 


(3 3) 


As evident from the table 3 5 error in D C measurements 
is within 2%> of that estimated from the complex impedance analysis* 
Hence resistances as obtained from I-V plots have been taken 
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Table 3 4 T T^ and T Q for glass system N 


SI No 

Glass 

T g (°C) 

t n (°c) 

% (°c) 

1 

Nl 

5 20 

680 

760 

2 

N2 

600 

7 20 

800 

3 

N3 

44 0 

650 

730 


Table 

3 6 Comparison 

of ^ and for glass systems 

N and IN 

SI No 

Glass 

T(°K) 

% (Q) 

Rrp (Q) 

e 

r 

1 

Nl 

548 

8 3 x 10 7 

8 4 x 10 7 

1 2 

2 

N2 

398 

1 10 x 10 9 

1 08x 10 9 

- 1 82 

3 

N3 

373 

1 33 x 10 9 

1 31 x 10 9 

- 1 50 

4 

INI 

315 

4 5 x 10 9 

4 56x 10 9 

1 33 

5 

IN 2 

294 

5 0 x 10 8 

51 x 10 8 

2 00 

6 

IN3 

337 

5 4 x 10 7 

5 46x 10 7 

1 11 





(Opt X ) 2 x ) 2 
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as true representative values for D C resistance of glass systems 
N and IN 

3252 Temperature Dependence of resistivity 

Resistivity for various glass samples has been calculated 
by equation 2 7 from the measured value of D.C. resistance R Q 
Such measurements have been carried out at various temperatures 
in the range of 20° C to 330° C for glass systems N and IN During 
such investigations it has been found that IN glass samples 
invariably show a sudden surge of current when the applied electric 
field (E q ) exceeds a critical value (E c ) The value of E c is depe- 
ndent upon the temperature (T c ) for a given glass composition 
Thus an optimum combination of E c and T Q brings about a permanent 
change m the resistivity of glass The newly attained state has 
resistivities many orders of magnitude lower than that of the ion- 
exchanged glass system IN Once IN glass system attains this 
highly conducting state, it is being referred to have formed HIN 
glass system The typical switching behaviour (I-V plots) of IN 
glass to HIN glasses has been shown in Figs 3.12, 3 13 and 
3 14 respectively In these figs both IN state and HIN state 
have been shown These plots are characterised by negative resi- 
stance region shown by arrow in these Figs H C S is a stable 
state and HIN glass system is a new material characterised by 
high conductivity Variation of E c with T c for IN glass system 
is shown in Fig 3 15 

Figs 3 16, 3 17 and 3 18 show the variation of log ( P/ 1 !) 
With 1/T for (Nl, INI, HINl), ( N 2, IN 2, HIN2) and (N3, IN3, 

HIN3) respectively In each figure there are three curves indi- 
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Fig 316 Temperature variation of (D C resist ivi t y / temper- 
ature) for NI.INIand MINI glass fibres 


O Virgin glass fibre (N2) 

A Ion exchanged glass fibre (IN2) 
□ Ion exchanged glass fibre in 



15 20 25 30 35 

1000/Kk 1 ) ► 


Fig 317 Temperature variation of(D C resistivity/ temperature) 
for N2.IN2 and HIN2 glass fibres 
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eating the temperature dependence of resistivity for three 
sets of materials belonging to N,IN and HIN glass systems 
respectively. Pigs 3 19 , 3 20 and 3 21 show the comparative 
variation of Log( P) with 1/T for glass system N, IN and HIN 
respectively The data have been analysed m two ways The tempe- 
rature dependence of resistivity m each case, being assumed to 
follow relationships given by equations 3 4, 3 5 

Qm 

o = P T exp ( ) (3 4) 

U KT 

a = P_ exp (-2— ) (3 5) 

u kT 

Table 3 6 summarizes the results of this analysis for 
glass system N As values of P QT , Q T , P Q and Q are calculated 
by least square fitting of a straight line hence each of 
these parameters will have a scatter which is estimated by the 
variance of each of them Thus dQ T ,dP oT ,dQ and dP Q represent the 
scatter m the values of , P QT , Q and P Q respectively Thus 
each of these parameters is being provided with the correspon- 
ding scatter Similar analysis have been carried out on IN glass 
system The results are shown in Table 3 7 Table 3 8 shows 
results of similar anaysis carried out for HIN glass system 

3 2 6 TEM Analysis 

As described in section 2 6, samples have been characte- 
rised by transmission electron microscopy Basic features associ- 
ated with each of them are described in the following sections* 
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Fig 3 21 Temperature vacation of resistivities for glass 
system HIN 
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Table 3 6 Activation energy and pre-exponential factors 
for glass system N 


SI No Glass Q t + dQ T P oT + dP™ Q + dQ P Q + dP Q 




(eV) 


(Ob® CmK - ' 1 ) 

(eV) 

( Ohrn-Cm) 

1 

Nl 

83 + 

01 

6 4xl0" S +lxl0“ 5 

78+ 01 

8 4xlo" 2 +2 x lo' 2 

2 

N 2 

89 + 

01 

5 7xl0” 7 + 3xl0" 7 

85+ 01 

7 3xlO~^+4 x lo"" 4 

3 

N3 

77 + 

01 

3 8x1 0 7 + 2xlO 7 

74+ 01 

3 5xlO _4 +2xlo“ 4 


Table 3 7 Activation energy and pre-exponential factors for 



glass system 

IN 



SI No 

Glass 

Qt + <!Qt 
( eV) 

P OT + dP QT 
(Ohm-Cm-k” ) 

Q+ dQ 

(eV) 

P 0± dP 0 
( 0 hm-Cm ) 

1 

INI 

48+ 01 

9 8xl0“ 3 + 2 X 10" 3 

44+ 01 

12 1+2 7 

2 

IN 2 

46_ 01 

3 7xl0” 4 +4 x l0~ 5 

4 2+ 01 

0 41+ 05 

3 

IN3 

SQ+ .01 

3 3xl0" 5 + lxl0“ 5 

47+ 01 

0 032+ 01 



3 2 6 1 N glass System 

Figs 3 22, 3 24 and 3 26 are representative micrographs 
of Nl, N2 and N3 respectively It is evident from them that Nl 
and N2 exhibit -chase separation while N3 is a single phase system 
The mhomogeneity of glasses Nl and N2 at microlevel causes one 
of the two phases of glass to be sodium rich, the other phase 
containing a smaller amount of sodium Both of these phases are 
interconnected throughout the glass matrix The darker regions 
in these micrographs represent silica rich phase Corresponding 
S A d's ( Selected Area Diffraction) are shown m Figs 3 23, 

3 25 and 3 27 respectively All of than show rings, characteristic 
of amorphous material 

3 26 2 IN glass System 

Figs 3 28 3 3 0 and 3 3 2 reveal the micro structure of 

glasses INI , IN 2 and IN3 respectively and their corresponding 
SAD's are shown m Figs 3 29, 3 31 and 3 33 respectively It is 
clear from these micrographs that IN glass system consists of a 
two phase structure The darker phase ( do) is silver rich while 
the lighter ( (i ) one has less amount of silver While cC shows 
broken inter connectivity, $ is interconnected throughout the glass 
matrix The average widths an d ^ja, of the and |5> phases 

are given in Table 3 9 As none of the SAD's shows any diffraction 
rings, both of these phases are amorphous 

3 2 6 3 HIN glass systems 

Figs 3 34, 3 3 6 and 3 38 give the typical micro structures 
of HINl,HIN2 and HXN3 respectively Figs 3 35, 3 37 and 3 39 
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Table 3 8 Activation energy and pre-exponential factors for 
glass system HIN 


SI No Glass Q t + dQT Pqj+ T Q+ dQ P Q + & p o 

(eV) (Ohm-CrriK (eV) (Ohm-Cm) 


HIN1 

04+ 01 

6 2 X 10 " 2 +l 

6x10 2 

0007+ 0095 

71 6+1 B 3 

HIN 2 

0 2+ 014 

18 2 + 

07 

015+ 014 

214+80 • 2 

HIN3 

27+ 01 

lxlO ^+ 15x10 ^ 

23 + 01 

12 + 02 


Table 3 9 Widths of the interconnected phases in IN glass system 


SI No 

Glass 

(Phase with broken 
interconnectivity) 

^ A ^ 

( Interconnected phase) 

1 

INI 

3 20 

85 

2 

IN 2 

4(30 

62 


3 


IN 3 


275 


11 2 











5 r< ff^rcph of glass 


mkrc,mh of glass HIM 


Flg-13? SAD of glass HIM 
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are corresponding SAD's These SAD's show very faint rings 
These have been characterised Table 3 10 shows the comparison 
between calculated d^^ values for these rings and d^^( ASTM) 
for silver metal 

The results imply that a small fraction of silver ions 
get reduced to silver metal These silver metal particles are 
precipitated m the silver rich phase which is shown as the 
dark region m the two phased micro structure of HIN glass system 
There are indications as shown by arrows m Figs- 3 34, 3 36 and 
3 38, that as compared to micro structure of IN glass system,links 
have been formed between the disjointed portions of the 
phase Thus m HIN system both silver rich (c£ ) and silver 
depleted ( ^ ) phases are interconnected The average widths 
C ^ ) of these two phases m the HIN system are summarised 

in Table 3 11 

3 3 Discussion 


Glass transition temperature T^ for N2 is found to be 
higher than those for Nl and N3 It is expected that addition 
of increasing amount of Na2<3 should lower the Tg value as the 
SiC> 4 tetrahedral structure is broken up by the formation of non- 
bndgmg oxygen ions ( Rawson) Thus T^ for N3 should have been 
lower than that of N2 and Nl Simlarly Tg of N2 should be lower 
than that of Nl . But as is clear from table 3 4, this is not the 
case This anomaly may be explained by the morphological diffe- 
rences as evident from the micro structures of Nl and N2 Though 
both Nl and N2 show phase separation, the interconnect! vity of 



Table 3 10 


Comparison of d^^ values of silver with that for 
HIN glass system 


SI No 

(Kkl) 

dh k i ( Ag) 

(ASTM) 


d hkl 

(Calculated) 


HINl 

HIN 2 

HIN 3 

1 

111 

2 359 

2 

35 

2 31 

2 32 

2 

200 

2 044 

2 

06 

1 99 

2 02 

3 

220 

1 445 

1 

4 C 

1 40 

1 43 

4 

311 

1 231 

1 

24 

1 22 

1 21 

5 

222 

1 180 

1 

16 

1 19 

1 .17 


Table 3 11 Micro structural features of HIN glass system 


SI No Glass ^ (.A ) ttpCA ) 


1 HINl 215 122 


2 HIN 2 


200 
1 25 


136 


3 


HIN3 


140 




sodium rich phase is more freouent xn case of Nl than that of 
N2 This implies that Nl has a relatively more open structure 
than that of N2 and this seems to be responsible for higher T^ 
of N2 as compared to that of Nl 

In the case of N glass system, conduction is due to migration 
of sodium ions as di scribed m section 1 2 22'he activation energie 
for sodium migration m the present study are found to be of the 
same order as reported earlier ( Owen 1963, Hughes and I sard 
197 2) 

The resistivities for N glass system decrease with 

increase of sodium concentration while the activation energy 

shows a maximum for N2 The slight increase of activation energy 

for N 2 with respect to that of Nl is explainable in terms of 

its structural characteristics The trend of T for N glass 

y 

system is exactly similar to that observed in the variation of 
activation energy Thereby suggesting the same mechanism being 
responsible for both these effects The relative openness of 
structure of Nl compared to that of N2 maX.es Clp for Nl to be 
less than that of N2 The open single phase structure of N3 
is responsible for the lowest value of m the present series 
of glasses The pre-exponential factors m the glass system N and 
IN are consistent with stevel's model of Ionic migration m glass 
viz value of pre-exponential factor decreases with increasing 
humber of charge carriers 

As evident from Pig, 3 40, plots of log lQ *0T vs Log T) 
show a linear behaviour for both N and IN glass systems. Both 
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of these lines are approximately equal to each other The slopes 
of the least square fit lines are estimated to be f '— implies 
an empirical relationship between P QT and concentration n of the 
mobile change carriers as follows 



(3 6 ) 


where C (-N) 

. 10 94 

for N glass 

(3 

7) 

and C ( IN) 

. 10 95 5 

for IN glass 

(3 

8) 

As per steve 1 

s model. 

°0T, 6 * 

(3 

9) 


2 2 
ne 2) R 

where n = no of cations/unxt vol 

i) = vibration freq of cations 
r = average distance between adj ascent sites 


n = 


2d, 


N 


_£ N 


M 


100 


o 


where d,= Density of glass 
N 0 = AVogadro number 
M q = Molecular wt of glass 


N sr molar fraction of cation 
c 


(3 10) 


from eq 3 

P 0T ( IN) 
P 0T (N) 


6 it is obvious that 


C (IN) 1 «- 

=10 

C(N) 


(3 11) 


substituting expressions from eq 3 9 
( ^ , , ne 2 / R 2 , 

c tr* o 5 ’ in ( ~ ’k - 10 

ne a; R 6k 


1 5 
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assuming 

J S i) 

IN N 


and 


we get 


-TN 






n 


IN 


or 


= lO 
-1 5 


1 *5 


"IN = 10 


n, 


N 


=3 16 x 10“ 2 n 


N 


(3 12 

(3 13) 


(3 14) 


Thus it is evident from that charge carrier concentration 
in IN glass system is about 3% of that of N glass system The 
assumptions given by (3 12 and (3 13) are reasonable m the 
present case because the ion-exchange process involves only 
one to one substitution of N a + by Ag + and no drastic structural 
change i s likely 

As evident from equation (3 14) the mumber of charge 
carriers effective in determining electrical conductivity in 
IN glass system is -about 3% of that present in N glass system 
This is explainable m terms of the micro structure of IN glass system 
which consists of an interconnected silver-deficient phase ( j6 
m section 3 2 6 2) and a silver-rich phase (°Cin section 3 2 6 2) 
which has a broken interconnectivity The conductivity is there- 
fore controlled by the carrier concentration in the silver- 
deficient phase Hence it can be concluded that the charge 
carrier concentration m the p phase is about 3% that m the 
cC -phase 
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From Tables 3 6 and 3 7 it is seen that the values of 
activation energies for IN glass system are lower as compared 
to those for N glass system Such decrease m the activation 
energy for diffusion of silver ions as compared to that of 
sodium ions has been observed m oxide glass systems (Frischat 
1976) This has been explained on the basis of the ionic radii of 
sodium and silver respectively It has been shown ( Stevels JM 19$7) 
that the activation barrier to ionic transport m oxide glasses 
is usually comprised of two parts, electrostatic and mechanical 
energies If the glass network is sufficiently open (which is 
the case when enough alkali ions are present ) the mechanical 
energy can be neglected Under these circumstances, the larger 
ions should have lower activation energies 

The values of activation energies and resistivity at room 
temperature for IN system are found to be in agreement with values 
for silver FIC glaes systems reported earlier m the literature 
( Table 1 * ) 

The activation energies Q T and Q for N glass system 
has been found to follow a relationship given by equations 3 19 
3 20 within an accuracy of + 4 % 

2014 _ 1194 Log l0 N c (3 19) 

189 2 - 1116 Log lQ N c (3 20) 

where %is the molar concentration of sodium ions 


Q, 


T 


N_ 


SL 


N, 


and 
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Similar functional relationship m IN glass system is 
untenable as error is + 16% The relationship valid m IN glass 
system is given by equations 3 21 and 3 22 with the accuracy 
of + 6 'fo 

Q t = oa N c + 46 

Q = = 0015 N C + 413 

where N is molar fraction of silver ions 
c 

Difference m functional forms for dependence of activation 
energy on the concentration of cations in N and IN glass systems* 
reflects the difference m the mechanisms responsible for giving 
rise to corresponding activation energies This suggests that 
during ion exchange process, alongwith one to one substitution 
of sodium ions by silver ions, some morphological transformation 
also tabes place This is expected as the ionic radii for sodium 
and silver ions are different 

As reported m section 3 2 5 2 an optimum combined 

influence of E and T switches the IN glass system to HIN system 
c c 

This effect of E and T is reflected m the micro structures of 

c c 

IN and HIN glass systems as mentioned m section 3 2 6 2 and 3 2 6 3 
The activation energies and preexponential factors of HIN systems 
are given m Table 3 8 HIN system is characterised by very 
smell activation energies HINl and HIN 2 show a activation 
energy barriers which are negligibly small This extraordinary 
behaviour of HIN glass system can be explained in terms of its 
micro structure! features Switching of IN to HIN system is a 


(3 21) 
(3 22) 
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diffusion controlled phenomenon Under combined influence of 
E and T silver ions from the silver rich phase ( -v. ) diffuse 
to the silver dipleted phase ( p ) so as to form links among 
the disjointed portions of the jo phase Thus a continuous 
path of C phase is created throughout the glass matrix It is 
this interconnected micro structure of silver rich phase which is 
responsible for the extremely high conductivity of HIN glass 
system As silver ions are highly mobile and silver rich phase 
(©(,) is relatively more open as compared to p phase, hence very 
low activation energy for this state is expected 

As evident from the fig 3 15, e dicreases with mcre- 

c 

asing This is expected for diffusion controlled phenomenon, 

as higher the temperature, the higher is the rate of diffusion 
Only temperature does not seem to be sufficient to bring about 
this change It is most likely that the presence of electric field 
is helpful for directional diffusion of silver ions through the p 
phase separating the nearest disjointed portions of phase, 
so as to make a continuous interconnection of a^phase As 
phase is supposed to have almost all the silver ions ( } 99 %) 
present m the glass and structure of<<, phase is quite open. 

This HIN system has high electrical conductivity Possibility 
of reduction of a tiny fraction of silver ions to silver atoms 
as shown by SAD's of HIN system, can not be ruled out during 
the morphological transformation of IN glass system to HEN 
glass system These small fractions of silver atoms are most 
likely to be located m the phase 



134 


From the present studies it has been estiblished that 
a new class of glasses based on silica network can be prepared 
with a high silver concentration upto molar fractions of 29$ by 
subjecting high- so da containing silica based glass fibres to 
a sodium silver ion-exchange reaction The ion exchanged 
glass fibres so prepared show electrical conductivity and 
activation energy which are similar to those exhibited by fast 
ion conducting glasses 

Another interesting out come of the present investigation 
is the development of a new group of materials consisting of 
the HIN glass systems Special metion is to be made of HINl and 

HIN2 glasses which have almost negligible activation energy and 

- 2 -1 

exhibit very high conductivity of 2 5x10 (Ohm-Cm) and 
— 2 —1 

1 7 x 10 ‘ (ohm-Cml at room temperature respectively As is 

obvious from the comparis with Table 1 5, both HINl and 
HIN 2 glasses have the highest conductivity so far reported m 
the literature with almost 0 activation energy x t is worth 
mentioning that highest conducting glassy FIC ( from Table 1 5) 
are A g I based and contain 70 to 80 mol$ of silver and none of 
them is silica based, whereas HINl and HIN2 systems contain 
only 9 5 and 19 6 mol$ silver, respectively and are based on 
silica network. Hence HIN glass system has potential for 
futuristic applications in energy devices 
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CHAPTER IV 

Electrical conduction m ion exchanged glass fibres containing 
aluminium dispersoids 

4 1 INTRODUCTION 

Oxide glasses with ultrafme dispersion of metallic 

granules of dimension of the order of few hundred angstroms 

show electrical conduction by electron tunnelling mechanism 

between the metallic islands ( D Chakravorty et al 1977, 

D Chakravorty et al 1979) Such micro structures, consisting of 

dispersion of metallic granules has been induced m glasses by 

either choosing the mixture of oxides for melting purposes 

properly ( D Chakravorty et al 1977) or by subjecting the glasses 

to an ion exchange and reduction treatment ( T Arul Mozhi, 

D Chakravorty 198 2) The lowest resistivity values obtained by 

5 

the latter technique is reported to be 10 Q Cm at room tempe- 
rature 

Another method for preparing such glass-metal parti- 
culate system may be to use metal in fine powder form and mix it 
into the batch Itself which is then melted If proper blending 
could be achieved at the batch level of preparation, it is 
possible to obtain required mi cro structure As this is a 
potentially straight forward technique the method may be 
exploited to prepare such, glass-metal particulate systems on a 
large scale 
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As reported and discussed m chapter III, by subjecting 
the glass fibres of certain composition to Na"sir Ag + ion exchange 
the resistivity of glass may be reduced by many orders of magni- 
tude and under the influence of temperature and voltage, such a 
material may be brought to a high conducting state (BCS) The 
material m HCS is still an ionic conductor and it is most likely 
that such ion exchanged glass fibres in HCS state constitute a 
family of new glasses which are fast ion conductors 

Thus it acomes highly interesting to look for the 
effect of the presence of metal despersoids on the virgin as 
well as ion exchanged specimens and to explore the possibility of 
preparing newer material with improved conductivity behaviour 

In the present chapter we have explored the possibility 
of dispersing aluminium particles m glass matrix by directly 
melting fine aluminium powder with the glass batch The base glass 
system chosen for such exploration has been N3 containing 30% of 
sodium We, describe the results obtained during this investigation 
m the following sections 

4 2 Results 

The composition and density of glasses which have been 
investigated are summarised m Table 4 1 The glass system in 
virgin state is being referred to as A The initial particle 
distribution of aluminium powder is given m Table 4 2 

4 2 1 Glass Preparation and Fibensation. 

The glass batch is prepared with the compositions des- 
cribed in Table 4 1 in which NagO and CaO have been added as 
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Table d 1 Composition ( in mole a ) and density of glasses in 
system a 


S3.N6 

Glass 

Na20 

Sid 2 

CaO 

B 2°3 

Al 

Density 

(Gm/cc) 

1 

Al 

30 0 

55 

1 2 00 

3 

0 

2 62 

2 

P 2 

29 9 

54 7 

11 9 

3 

0 5 

2 62 

3 

AS 

28 5 

5 2 3 

11 4 

2 8 

5 0 

2 61 

4 

A4 

27 8 

50 9 

11 0 

2 8 

7 5 

2 53 

5 

A5 

27 0 

49 ^ 

10 8 

2 7 

10 0 

2 50 


Table 4 2 Particle size distribution of aluminium powder 


used m making the 

glass-metal composite 

Particle diameter (jUm) 

Weight /o 

10-20 

32 

2 0-25 

16 

2 5-30 

11 

3 0-35 

11 

3 5-4o 

1 2 

4 0 - 4 5 

18 
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carbonates The glass is melted m an alumina crucible at 1450® C 
for two hours The melt when free of air bubbles is poured into 
aluminium mould to be cast as thin rectangular plates which 
are later annealed at 5oo°C for 6 hours The plates are powdered 
and the glass powder so obtained ie used to draw glass fibres as 
discussed m section 2 2 The fiberisation parameters are described 
m Table 4.3 

4 2 2 Ion Exchange 

A bunch of fibres cut to 10 Cm length, have been ion 
exchanged m a pyrex boat containing molten AgNO^ at 330®C for 

3 6 hours as described in section 2 3 This has been done for 
all the glass compositions The ion-exchanged glass fibres are 
being referred to as constituting IA glass system 

4 2 3 Chemical Analysis 

In order to know the molar fraction of silver present 
m the glass fibres after the ion exchange process, chemical 
analysis has been performed for IA glass sanples by IL/7&1 atomic 
absorption spectrometer as described in section 2 4 The results 
of chemical analysis are summarised in Table 4 4 

4 2 4 D T»A« Analysis* 

Pigs 41,4 2, 4 3, 44 and 4 5 represent the DTA 

Curves obtained for different compositions m the A glass system 

The glass transition temperature T , nucleation temperature Tjj 

5 

and growth temperature T Q for these glasses are summarised in 
Table 4 c; Details of these terms may be seen elsewhere 
(D Bahadur et al 198 2 ) 
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Table 4 3 Fibensation parameters of glass system A 


to 

Glass 

Melt Temp 

Bushing 

Temp 

t b (-c) 

Bushing 
Tip Temp 
T P ( c) 

Velocity of 
draw y(m/sec) 

1 

Al 

1 30C 

9 20 

o 

CM 

0 

1 

20,16,13,11 

2 

A 2 

1320 

950 

830 

20,16,13 11 

3 

A3 

1360 

960 

05o 

16,13 11 10 

4 

A4 

1 400 

935 

876 

14,13,11,10 

5 


1450 

1020 

P90 

13 11,10,9 


Table 4 4 Molar fraction of silver m IA glass system 


Si No 

1 

2 

3 

4 


Glass 

Cone of glass" 
m solution [g 

( (g/cc) 

Cone of silver 
m sol [Ag ] 
(ug/cc) 

Weight 
fraction 
of Ag= 
w Ag 

Molar 
fraction 
of Ag 

INI 

2 3 

1 30 

565 

96 

IN 2 

3 5 

1 97 

563 

9&o 

IN3 

2 8 

1 57 

561 

91% 

IN4 

3 2 

1 76 

55 

9 ^ *0 

IN*’ 

2 9 

1 60 

552 

91% 


5 
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4 2 5 Electrical Measurements 

D C and A C resistivity measurements for these fibres 
have been carried out as discussed in section 3 2 5 D C. resis- 
tance (R )is obtained from the slope of I-V plots Typical 
representative plots for A and IA samples are shown in Figs 4 6 
and 4 7 respectively 

4 2 5 1 A C measurement and Impedance Analysis 

Conductance (G) and capacitance (C) as a function of 
frequency (f) have been measured and complex impedance analysis 
similar to section 3 2^1 has been carried out for glass systems 
A and IA for measurements taken at various temperatures Figs 4 8, 
4 9/4 10, 4 11 and 4 12 are representative Z' - Z ‘ plots for 
different samples m A glass system Similarly Figs 4 13, 4 14, 

4 15, 4 16 and 4 17 show complex impedance analysis for samples 
of the I A glass system 

The D C resistance ( Up ) of the sample has been calcu- 
lated from the intersection of the arc on the real (z') axis 
Compans on of R^and Rp for a typical respresentative set of data 
is summarised in Table 4 6 Error (e^) as calculated by equation 
(3 3) is also shown xn this table 

It is obvious from Table 4 6 that errors in D C measure- 
ments is within 2 % of that estimated from complex impedance analy- 
sis Hence resistances as obtained from I-V plots have been taken 
as true representative values for D.C resistance of glass sys- 
tems A and I A 
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Fig 4 6 I-V Plot for glass system A 
. ia 2 (T=150°C) 
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, Fig 415 Complex Impedance plot for glas 1A 3 (T=24 C) 
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Fig 417 Complex Impedance plot for glass IA5 (T = 60 C) 
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Table 

4 c T , 
g 

T n and T q for glass 

system A 



Si No 

Gla ss 

T (-C) 

g 

t n 1:51 

T 0 (-C) 


1 

AX 

440 

6^0 

7 30 


2 

I ? 

390 

600 

740 


1 

A3 

410 

640 

8 20 


4 

A4 

470 

670 

850 


C 

^5 

4 20 

700 

860 



Table 4 6 Comparison of ana for glass sv stems A and XA 


SI No 

Class 

T 

V” 

% ( Q ) 

e r (7°) 

1 

Al 

loo C 

1 3^ x lO 9 

1 31 x 10 9 

-1 So 

2 

A2 

126 C 

3 7 x lO 8 

3 75 x 10 8 

1 4 

3 

A3 

3 6°C 

6 0 x 10 3 

6 1 x lO 8 

1 7 

4 

4 

96- c 

9 0 x 10 8 

8 9 x 10 8 

-1 1 

s 

A5 

27 C 

“5 0 x 10 9 

5 1 x 10 9 

2 0 

6 

XAl 

64- C 

5 40 x 10 7 

5.46x 10 7 

1 .11 

7 

IA2 

1*0 C 

2 3 6x10 6 

2 4 x 10 6 

1 7 

8 

IA3 

24- C 

5 43 x 10 7 

5 5 x lo 7 

0 9 

9 

IA4 

7 c ' u C 

8 2 x 10 7 

8 3 x 10 7 

1 2 

lo 

IA 1 ^ 

60 U C 

1 6 x 40 8 

1 50x lO 8 

-1 3 


—I* 


i47 


4252 Temperature Dependence of resistivity 

The resistivity values for various glass samples have 
been calculated by eq 2 7 from the measured value of D*C* resista- 
nce determined at various temperatures m the range of 20° C to 
330°c for glass systems A and IA The glass system IA has been 
found to exhibit switching behaviour similar to that shown by- 
glass system IN, described m section 3 2 5 2 Under the combined 
influence of critical electric fields (E c ) and critical tempe- 
rature (T c ) a decrease in resistivities by many orders of magni- 
tude is brought about Glass fibres m this highly conducting 
state are referred to as hi A glass system The newly attained high 
conducting state is found to be permanent and stable 

The typical I-V plots pertaining to the switching of IA 
to HIA glass system are shown m Pigs 4 18,4 19,4 20,4 21 and 
4 22 respectively In each figure both IA and HIA states have 
been shown These plots have a negative resistance region as shown 
by arrows m these figures Variation of E c and T c for IA system 
is shown m fig 4 23 

Figs 4 24,4 25 , 4 26,4 27 and 4 28 show the variation 
of log ( P/ T) with 1 / T for (Al ,IAl ,HIa4) , (a 2,IA2,HIA2) (A3 IA3, 
HIA3) , (A4,IA4,HIA4) and ( A%IA%HIA5) systems respectively 
Each figure shows three curves representing dependence of 
resistivity on temperature for three sets of materials belon- 
ging to A, IA and HIA glass systems respectively IN figs 4 29, 

4 31 and 4 3 2, comparison of Log p with 1/rp for A,IA and HIA 
glass systems respectively has been shown 
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Fig 419 Switching of IA 2 glass to HIA 2 glass (Tcf 140 C) 



y \ / 0 

Fig 420 Switching of I A 3 glass to HIA 3 glass ( T c s280 C ) 
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Fig A 21 Switching of lA*glass to HIA^glass ( 7 c = 300*C) 
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Fig A 22 Switching of I 
4 30 - \ ,A » ,k IA * 
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AS glass ( Tc * 310 C ) 
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Tc( C ) ► 

Fig A 23 Temperature variation of critical electric field (Ec)for dass system IA 
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Fig 4 25 


Temperature variation cf(D C resistivity/ tempe 
rature/for A2, IA2 a(*d H'A2 glass fibres 
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Fig 4 26 T*mp«atur« variation of(D C r**l»tlvlty / 



O - Virgin glass fibre(A4) 

A- Ion -exchanged glass fibre (1A4) 

C - Ion -exchanged glass fibre In high 
conducting state { H I A 4 ) 
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Fig 4 27 Temperature variation af(D C resistivity/ temperature) 
for A4.IA4 and HI A 4 glass fibres* 
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Fig 4 29 Temperature variation of D C restivltfes for 
glass system A 
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Fig 4 30Temperature variation of D C resistivities toi glass 
system IA 
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As evident from these figures, for glass system A, 
or compositions corresponding to A3,A4 and AS, resistivity 
ariation with temperature comprises of two branches characten- 
sd by different slopes In the lower temperature range the 
Dnductivity arises due to electron tunnelling between the aluminium 
ranules [ Chakravorty 1984] while in the higher temperature range 
t is due to the migration of alkali ions For electron tunnelling 
he analysis of data has been shown in figure 4 32 where vana- 
ton of log p with 1 / T has been shown 

The temperature dependence of resistivity m each case 
s assumed to follow the relationship given by equations (3 4) 
ad (3 5) and for electron tunnelling relationship given by equa- 
lon (4 1) has been assumed ( Section 12 13) 


P 


P e exp ( 




(4 1) 


Various values of pre-exponential factors and activation 
nergies for both virgin and ion-exchanged glass systems have been 
aalysed Each calculated parameter has been assigned its variance 
ao Table 4 7 summarises the results of this analysis for glass 
astern A, for ion migration corresponding to higher temperature 
sgion (110°C-330°C) 


Similar analysis carried out for electron tunnelling 
schanism m the temperature region from 20® c to ll0«C for 
lass compositions A 3 , A 4 and A 5 is presented m Table 4 8 

Pre-expo nential factors and activation energies 
alculated for IA and HIA glass systems are presented in Table 4 9 
ad 4 lo respectively 



Fig 432Vanation of resistivity with(f^) for virgin glass 
fibres (A3, AA t A5 ) 
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Table 4 7 Activation energy and p re- exponential factor for 
glass sy stem A 


SI 

No» 

Glass 

Qrpt ^OT— ^OT 

(eV) (Ohm-Cm-K” 1 ) 

Q+dQ 

(eV) 

Poi^o 

(Ohm-Cm) 


1 

Al 

77+ Ol 3 8xlO“ 7 + 2 4 x lo" 7 

74+*0l 

3 5 x 1o" 4 +2 

2x1 O'" 4 

2 

A2 

5 6^ 01 4 7xlO" 4 +l 9 x1 0" 4 

c '3 + 01 

5 8xl0" 1 +2 

3xlO ^ 

3 

A3 

64 j . Ol 4 8xlo"" 5 +l 4 x10 -4 

60+ Ol 

6 2 x l0" 2 +i 

8xl0" 2 

4 

A4 

.73+ Ol 7 2xlO _6 + 2 lxlo” 6 

69+ Ol 

9 2x10 3 ±2 6x1 0" 3 

5 

A5 

-5 -a 

65 + Ol 3 3x1 0 +6 3xlO 

61 ± Ol 

4 3xl0" 2 +8 

lxlo" 3 

Table 4 S 

Q and P for A3, a 4 and a5 

G S 

glasses 



SI 

No 

Glass Q_ + dO (eV) 

e — e 

P “+c[p 
e — 

C Ohm Cm) 
e 


1 

A3 

036+ 003 

lxlo" 3 

+1 9xl0” 3 


2 

A4 

047+ 002 

5<9xlO~ 

6 +7 7x1 0 -6 


3 

a 5 

Ol 9 ± 001 

60 5 + 28 5 


Table 4 9 

Pre-exponential factors and activation energies 
glass system IA 

for 

SI 

No 

Glass Q>p+ ^OT— ^OT 

(eV ) (Ohm-Cm-K" 1 ) 

Q+ 

(eV) 

p o± dp o 

(Ohm-Cm) 



IAl 

50+ Ol 

3 

„ -5 „ , -5 
3x10 j-l x l0 

47+ Ol 

3 

2 X 1 0 " 2 +l xl o" 2 

IA2 

49+ Ol 

8 

3xlO _6 +3 lxlo" 6 

46+ Ol 

7 

6x1 0" 3 +3 lxlo’ 

XA3 

5 °± 01 

3 

_5 -5 

1x10 + 6x10 

47+ Ol 

3 

6x10" 2 +. 6x1 0" 

IA4 

5 6+ Ol 

1 

-5 -5 

7x10 + 2x10 

5 2+ Ol 

2 X 10" 2 + 2x1 0" 2 

3A5 

4 6+ 01 

1 

_4 _4 

2x10 + 2x10 

43+ Ol 

1 

4x10 + 2x1 o" 


5 


1 61 


4 2 6 TEM Ana lv sis 

Detailed micro structural studies have been carried out 
by transmission electron microscopy as described in section 2 6 
Basic features associated with each of them are described in 
the following sections 

4261 A Glass System 

figures 4 13, 4 3% 4 37, 4 39 and 4 41 are represen- 
tative micrographs of Al,?2,/3,A4 and A^ respectively Corres- 
ponding S vD' s are shown m figures 4 34, 4 36, 4 38, 4 40 and 
4 42 respectively It is evident that Al does not exhibit any 
phase separation Corresponding SAD also confirms the amorphous 
character of Al Th*» glasses A2,A3 A4 and A5 show phase sepa- 
ration All of them consist of two phase s-darker regions consti- 
tute the phase containing metallic aluminium Separation of two 
phases maximium m A 2, A3 exhibits two phases which are 

thoroughly interconnected Corresponding SAD's shows characteristic 
rings corresponding to metallic aluminium This also confirms 
the uniform fine dispersion of aluminium particulates Both the 
phases seem to bo interconnected in A3 The glasses A4 and A5 
besides exhibiting a two phase structure indicate the presence 
of some bigger particles of aluminium Both the phases seem to 
be interlinked m these two glass systems 

d hkl values calculated from these SAD's are compared with 
d,, , (ASTM) values of aluminium m Table 4 H 
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Table 4 lo P re— exponential factors and activation energies ofor 
glass system HIA 


Si 

bO 

Glass 

Q t ± dQiji 
(eV) 

P 0T~ dP 0T 
(Ohm Cm K _1 ) 

Q + dQ 

(eV) 

P 0± ^0 
(Ohm Cm) 

1 

HXAl 

27 + 00 5 

(1+ 2)xl0**^ 

23+ 005 

1 2x10 ■*■+ 2x10 

2 

HIA 2 

36+ 003 

(1 3+ 1) X 10‘ 5 


n 




3 3+ 003 

(1 5+ l) x lo 

3 

HIA 3 

034-l 016 

(5 5 + 2 5) x lo“ 3 

-,OOl + 0l6 6 2+2 7 

4 

HIAi 

07P+ 0 25 

(1 6£L 2)xlO -2 

04+ 0 2 

17 9+12 8 

5 

HIA5 

14+ 01 

(2 0+ 6) xlO 3 

11+ 01 

2 3+7 


rable 4 11 

Comparison of 

d hkl values of aluminium with those 


obtained from 

SAD' s of Glass System A 

SI (hkl) 

No 

d hkl (A1) 

^ (3 h]<l (Calculated) 

( ASTM) Al 

A 2 A3 A4 A5 


i 


i 

i 

+ 


i 




4 2 6 2 la Glass System v 

Tigs 4 43 7 4 4 C 4 47 , 4 49 and 4 5l represent the 
t/oical micro structure of glasses IAl, IA2, IA3, I A and IA 5 
respectively Corresponding SAD's are shown m figures 4 44, 

4 46, 4 4P , 4 5o and 4 5 2 respectively It is evident that IA 
glass system consists of two phases The darker phase (<£ ) is the 
silver rich phase which shows broken interconnectivity The 
Lighter plr^se ( ft ) is interconnected through out the glass matrix 
and has less amount of silver The average width of ^ and 
ohases denoted by < 4 ^ and u. K are given m Table 4 12 

The rings observed m SAD / s of IA2, IA3, IA4 and IA5 

confirm the presence of aluminium metal dispersion, Comparison 

of d, , values ( -\STM) of aluminium with those calculated from 
hkl 

3/D's of I A glass system is shown in Table 4 13 
4 2 6 3 HI A Glass System 

Pigs 4 53 / 4 55, 4 67 , 4 59 and 4 6 l give the represen- 
tative micro structures of AIAl , AIA2, HIA3, HI/4 and HIA5 respec- 
bively while Figs 4 ^4, 4 56, 4 5g, 4 60 and 4 62 are correspo- 
nding S/D's The rings m oAD's of HIAl , HIA2, HI/ 3 , H3A4 and 
31/5 hove been analysed and summarised m Table 4 14 The 
calculated d^^ values for these SAD's have been compared to 
(/•STM) values corresponding to silver and aluminium metal As 
it is not possible to resolve the difference m of silver 

and aluminium by SAD' s tho presence of faint rings in SAD of 





Fsg 4 33 TEM micrograph of gia»b A} 


500 A 


Fig 4 35 TEM micrograph of glass A2 


Fig 4 37 TEM micrograph of gldss A3 
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able 4 12 Widths of the interconnected phases in XA Glass oy stem 


SI 

No 

Glass 

(Phase with broken 
interconnectivity) 

Wp (A J ) 

( In terco nne cted 
Phase) 

^ /w«. 

L 

IA1 

27 * 

85 

31 

2 

IA? 

435 

402 

9 2 

3 

I A3 

251 

135 

54 

4 

IA4 

3° 6 

115 

34 

3 

IA5 

275 

263 

96 


Table 113 Comparison of values of aluminium with those 

obtained from SAD's of Glass System IA 


SI (hk]) d hkl (Al) d hkl (Calculated) 
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HI*-*/ imp l - ' that some silver ions are reduced to their atomic 
state 

Prom the micrographs it is evident that the micro stru- 
cture of HIA glass system is diphasic The darker regions 
containing high amount of silver denote the phase while 
the lighter phase ( jo ) has less amount of silver There are 
indications as shown by arrows m the micrographs as compared 
to micro structure of IA glass system that links have formed 
between the disjointed portions of the <*, phase so as to make a 
completelv interconnected network of cb phase Thus in HIA glass 
svstem both ^ and /3 phases are interconnected The average width 
) and ( w 0 ) for and phases m HIA glass system are 
summarised m Table 4 15 

4.3--Discusaion 

As seen from table 4 5, maximum value of Tg is for 
while minimum is for A ^ Small addition of aluminium powder 
( $%) xn & shows phase separation while a^ with no aluminium 
is a single phased system Darker portions of micrograph for a 2 
correspond to aluminium rich phase It is most likely that 
Dpennes s of the micro structure which increases by the addition 
Df small amount of aluminium as is the case with due to 
3h->se separation is responsible for lower value of Tg for A 2 
is compared to that of ^ 

Further addition of aluminium increases Tg as is evident 
or the compositions A^ , and a 5 This is explainable in 


Table 1 14 Comparison of dj_^ values of aluminium and silver 
with those obtained from SAD's of Glass System L 


SI 


1>'0 


Ag 

*1 

/ rilAl 

- ...... . 

hia 2 

HIA3 

HIA4 

It 5 

1 

111 

2 36 

2 

34 

2 32 

2 35 

2 

35 

2 34 

2 36 

2 

200 

2 04 

2 

02 

2 02 

2 03 

2 

02 

2 02 

2 01 

3 

220 

1 44 

1 

43 

1 43 

1 43 

1 

13 

1 <14 

1 *3 

4 

311 

1 23 

1 

22 

1 21 

1 23 

1 

22 

1 22 

1 21 

Table 

4 15 

Micro structur el features 

of Glass System HI/ 

SI No 

Gl 8 .S s 


W* (A) 




"a A) 


1 


HIAl 



1 25 




140 


2 


HI A 2 



3=69 




50 2 


3 


HI A 3 



182 




69 


4 


HIA4 



357 




415 


s 


HIA5 



78 




112 
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% i 
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WJ , : 

f A 
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of 
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terms of an increase of alumina content in the glass due to 

oxidation of aluminium particles during glass melting and 

fiberisation process Aluminium, during melting of the glass is 

oxidised partially, thereby, increasing alumina content in the 

glass As alumina is a network former and its action m glass is 

due 

that of stabilisation [Rawson 1984] /to its inclusion in silica 
network, the viscosity and Tg of these glasses are bound to be 
higher than that for A-^ or A^ The anomalous increase of Tg for 
A, as compared to A_ or A^ may be understood in terms of their 
micro structural features Presence of larger aluminium particu- 
lates in A ^ as compared to a 3 and A & and lesser uniformity of dis- 
tribution of the two phases are the most likely reasons for this 
variation of Tg 

In case of A glass system for A^ and A 2 in the entire 
temperature range of 20° C to 330 C, conduction is due to migration 
of sodium 10 ns For A y A^ and A^ , two mechanisms for conduction 
are operative In the temperature range of 20°C to llO^C, it is 
the electron-tunnelling between the aluminium islands dispersed 
m the glass matrix The activation energies of electron tunne- 
lling as shown in Table 4 8 are of the same order as those , 
reported in the literature ( Section 12 13) As evident from the 
equation (1 18) the activation energy for formation of a charged 
pair of grains is a function of the ratio s/d where, d is the 
particle diameter and s is the interparticle separation The 
variation of s/d reflecting morphological characteristics of A^, 
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, 4 end A 5 , is manifest m the trend of Q e as summarised in 
able 4 8 The pre-exponential factor, too, reflects the same 
echanism 

For and A 5 m the temperature range of 110°C to 

30 C, the mode of conduction is migration of sodium 10 ns The 
ctivation energies and pre-exponential factors for glass systems 
, for ionic migration are summarised m Table 4 7 Highest 
ctivation energy (Q t ) is 77eV for Al while the minimum is 5 6 e V 
or A 2 Further increase of Al concentration, increases the value 
f Q t as compared to that of A 2 This trend is similar as obtained 
or Tg Phase separation of aluminium rich phase m a 2 helps to 
educe the value of Q-p Both aluminium rich and aluminium deplected 
hoses will hnve sodium 10 ns, it is most likely that both the 
hases will be responsible for conduction in proportion to the 
mount of sodium 10 ns present within them The pre -exponential 
actor for Ap is three orders of magnitude less than that for A 2 
his is ecpected due to change of charge carrier concentration (Nj) 
nd average distance between adjacent sites (R) by phase separation 
rom equation (3 9) such a change will aive rise to the observed 
rend of the pre-exponential factor The variation of activation 
tergies and pre-exponential factors for A A 4 and A 5 diows the 
pie played by increasing amount of alumina due to partial 
Xidation of aluminium particles during glass melting 

In IA glass system the conduction is due to migration of 
liver 10 ns The IA glass system shows Q T to lie in the range of 
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/ 6 pV to SgeV For IAj_, XA 2 and lA^, activation energies 

are almost identical ( 5o eV) Q<j for IA ? is maximum being equal 

to 56«V while that for IA 5 xs minimum being equal to 46 eV The 

p re -exponential factor P Q1 varies in the range of 83 xlO ~ 5 to 
-5 -1 

12 x 10 0 CmK Tne maximum value is for IA 5 while minimum for 

h 2 These features may be explained m terms of the two phase 
micro structure of La glass system 

In I r glass system the silver rich phase ( -C ) has 
broken inter connectivity while {*> phase having less amount of 
silver is thoroughly interconnected Fvidently [Z phase controls 
the electrical conductivity The variation of P QT for A-j_ and 
I#v, implies that carrier concentration m J3 phase is about 3 
of that is the <£■ phase/ as explained m Section 3 3 for and 
IN3 glass system (N3/IN3 being identical to A ^ and IA^ -especti- 
vely) This implies absence of any drastic structural change 
brought about by the ion-exchange treatment 

The comparison of Pq T values for A 2 * A A A 5 with 
those of IA 2 , IA 3 , IA 4 , IA 5 respectively suggests that the presence 
of aluminium has a crucial effect on the average distance bet- 
ween adjacent sites ( R ) m ion exchanged samples The changes 
incurred m the values of R , are reflected in the variation 
of pre-exponential factors of these glasses The maximum effect 
is observed xn case of IA 2 It is most likely that drastic 
structural changes take place during ion— exchange of A 2 and 
A 5 samples to form IA 2 and IAg respectively 
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7 s P QT values for IA 3 and IA„ are almost identical to those 

for A 3 and A 4 resoectively, it is mferrod that ion-exchange 

does not change the relative distribution of carrier cocnen- 

tration in aluminium rich and aluminium depleted phases As is 

evident from table 4 12 22 1 for IA « and IA 5 while for 

IA and IA thi s ratio isZ = 

34 ^ 

As mentioned m section 4 2 5 2, under the influence of 

an optimum combination of E c and T c , IA glass system switches to 

form HIA glass system, characterised by very low activation 

energies as is evident from Table 4 10 It is remarkable that 

HIA 3 has almost zero activation energy Switching of IA to HIA 

glass svstem is a diffusion controlled phenomenon, continuous 

links are formed among the disjointed portions of cO phase by 

diffusion of silver 10 ns from 4 phase under the influence of 

E and T to phase This interconnection of <£ phase induces 
c c 

high electrical conductivity to the glass system High mobility 
of silver 10 ns and relatively open structure of X phase as com- 
pared to fb phase are responsible for very low activation energy 

for the HIA glass system 

Presence of aluminium particles have improved the 
conductivity of glass m its high conducting state. This may 
be explained on the basis of micro structural features brought 
about by the presence of aluminium particles As mentioned above, 
during melting of glasses, aluminium particles are partially 
oxidised to form alumina This alumina most likely forms a 


* 


f » 




ribbon tvpe^ three drmcntional nstvjork and provides a continuous 
jfvfch for silver ions to move along it as alumina is four - coordi— 
lated in the silica network [Doremus 1984 1 


E c decreases with increasing T c This is natural for any 
lif fusion controlled phenomenon It is expected tnat electric 
iield causes directional diffusion of silver ions from phase 
:o ft phase so as to form continuous links between disjointed 
>ortion of the / phase X phase contains almost all (97^) 

>f silver ions present/ once these links are formed, the conductiv- 
.ty improves by many order of magnitude 

From the present mvestiaation it has been found that 
\etal-glass micro compo sites having aluminium as metal phase may 
>e prepared by directly melting aluminium powder with the glass 
>atch Glass fibres be drawn from such microcomposites The 

jresence of aluminium has a significant effect on the conductivity 
if b-'se glass When a^ded m smaller portion ( 5%) it lowers the 
ictivation energy of sodium ion migration and improves the condu- 
:tivity When aluminium is present m more than 5 mol %, electron- 
tnnellmg is the mechanism of charge conduction in the temperature 
range of 20 C to 110 C Above this temperature sodium ion migra- 
tion is the major mode of conduction 

It has been further established that after ion-exchang- 
ing of those gl->s fibres, a now set of microcomposites having 
iigh concentration of silver ions may be prepared By an 
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)timum combination of and a desired morphology is created 
1 the XA glass system to form HIA glass system resulting xn 
tremelv high values of conductivity The activation energv 
id conductivity values of la and HXh. glass systems compare well 
th those FlC's as mentioned m Table 1 5 Thus for the first 
me a new class of FIC material has been prepared from a glass- 
tel micro composite The most significant result of the present 

>rk is the feasibility of HI a- with almost negligible activation 

-1 -1 

tergy and extremely high conductivity of 3 x 10 (Ohm Cm). 
ie other basic features of IA ->nd hia glass system are that 
ley are silica b^sed and are not derived from Agl The maximum 
due of total silvr r content m these systems is about 29 mol Z 
ily Because of their unigue features, Th and HI/ glass systems 
ve enormous pot~ntial for futuristic applications in energy 
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CHAPTER - V 


M e ch.anical_ Properties, of Glass Fibres Containing Aluminium Particles 
5 1 Introduction 

Glass fibres are characterized by high strength and 
superior modulus values as compared to bulk glasses This unique 
combination of various mechanical properties makes them as a very 
useful group of strength giving materials The latter are used 
widely as structural composites in different military and civilian 
applications In case of optical fibres too/ alongwith other 
specific optical properties, the strength of optical fibre is a 
critical parameter which ultimately decides its limitation for 
any practical application 

The study of metal-glass composites has become very 
significant m recent years because of the technological impor- 
tance of these materials [Abeles B et al 1975, Granqvist C G 
and Buhrman R A 1976] These composites have been developed 
through various techniques such as by r f sputtering a suitable 
composite metal-insulator target to a suitable substrate, ion- 
exchange followed by a reduction treatment [ Chakravorty D 1974, 
Chakravorty D et al 1975], by melting an organo-metallic com- 
pound m the glass batch [ Datta S and Chakravorty D , 1983] 
and by melting a suitable choice of mixtures of oxides [chakravorty 
D et al 1977, Chakravorty et al 1979] In photo sen stive glasses 
fine dispersions of gold and silver granules have been obtained 
I by nucleation induced by UV irradiation followed by a suitable 
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heat treatment ( Smithard M A and Dupreer 1 97 2) 


The mechanical properties of such composite systems have 
been found to be very promising Aluminium particulates have 
been shown to increase the strength of bulk glass 64 times 
while nickel reduces the strength ( rustic V D et al 1981, 
Stephanie C Kunz 1983, Kristie V D and Nicholson P S 1983) 
mechanism for the toughening of brittle matrices with ductile 
particles has been proposed ( Kristie V D 1983) 

Various techniaues have been developed for strengthening 
qlasses ( La Course 197 2) This includes microcrack healing 
( tfiederhorn 1970) etching of glass surface by HF ( Ryabov and 
Kupfer 1970 ) or etching by steam ( Ryabor et al 197 2), peripheral 
clamping ( Markov and Kopylov 1970), thermal tempering (Robert 
Gardon 1980) and chemical strengthening ( R F Bartholomew and 
H M Garfmkel 1980 ) 

The present investigations have been envisaged to incor- 
porate metal particles in glass matrix in fibre form i e deve- 
lopment of glass metal composite fibres As various metallic 
species have shown to improve the mechanical properties of the 
glasses xn bulk form, it is interesting to know whether a similar 
trend persists when the micro-glass metal composites are drawn 
in the fibre form 

^ 2 Results 

The composition and den sity of glasses which have been 
used in the present study are shown in Table 4 1 The initial 
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particle distribution of aluminium powder incorporated m the 
glass matrix has been given in Table 4 2 These glasses have 
been prepared as described in section 4 2 1 The fiberisation 
parameters of these glasses are included m Table 4 3 Both 
sets of glass fibres viz fibres collected in situ m the fibre 
drawing process, being referred to as virgin fibres and those 
collected from the drum, being referred to as non-virgin fibres 
have been used for mechanical characterisation Sets of virgin and 
non— virgin samples have been prepared as described in section 
2 10 1 


For testing of fibres on INSTRON, samples are prepared 
as described m section 2 lo 2 Cross head speed has been adjusted 
to Q^Cm/minute Diameter of fibres have been measured by Accutron 
( section 2 9) an electronic comparator Load cell for mea- 
suring load on the fibres has a range of 0~5o gms Five sets of 
glass fibres have been used for the present study It includes 
a set of virgin fibre samples of glasses Al , A2 and A4 and another 

set of non virgin fibres of glasses Al and A2 The chart speed 
has been fixed to 10 Cm /minute 

5 2 l Strength (Q) strain (e) and young modulus (E) of virgin and 
non- virgin glass fibres 

Observed strength (S^) for ith specimen is calculated 
by equation ( 2 22) while strain by equation ( 2 24) The load 
(Px ) and extension (x z ) corresponding to fracture are determined 
by x-y chart recorder attached to INSTRON such that y axis, 
calibrated to load, and connected to the load cell provides value 
of P± while x-axis monitoring displacement by cross head move- 
Wencfc gives values of x-l 
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For each measurement, youn^smodulus has been calculated 
by equation ( 2 25) and m a given set of such measurements, wide 
scatter m the values of E. x are found and youngs' modulus for 
a given glass fibre is obtained by the average of such E ' s as 

i 

given by equation ( ? 26) As proposed m section 2 10 2, a better 
estimate of young s modulus is obtained by regression of stress 
versus strain by a straight line passing through origin Figures 
5 1,52 and 5 3 show this regression analysis for virgin glass 
fibres Al , A 2 and A4 respectively Non-virgin sample set of Al 
and a 2 have been similarly analysed m figures 5 4 and 5 5 res- 
pectively The values of E^ The estimator of young's modulus as 
obtained by regression analysis and E , the estimator of young's 
modulus as obtained by equation ( 2 26) are summarised in Table 5 1 
Prefixes of V and NV are being used to denote virgin and non- 
virgin state of fibres dE and dE R denote the variance of E 
and e r and are measure of scatter 

The observed diameters (D) of fibres m each set show a 
distribution Figures 5 6 , 5 8 , 5 1 q, 5 12 and 5 14 represent 
the histograms of observed diameters of VAl , VA2, VA4, NVAl and 
NVA2 respectively The observed strength (S ) as calculated by 
equation ( 2 22 ) for each set has been plotted as histogram so 
as to represent distribution of strength values Figures 5 16, 

5 18, 5 20, 5 22 and 5 24 exhibit the histograms of observed 
strength(S) for VAl, VA2, VA3, NVAl and NVA2 respectively 

Corresponding to each set of observed strengthCS’* 
values# another set of strength, referred to as calculated 



Fig 5t Regression ot strength(S) with stram(ej for virgin glass- 
fibres (A1 ) 
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Fig 5 3 Regression of strength (S ) with strain (e) for vir^n 
glass fibres (A 4) 
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Fig 5 7 Diameter histogram for virgin' glass fibres (A1) 
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Fig 5 6 Diameter histogram for virgin glass fibres (A1 ) 
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Fig 5 9 Diameter histogram for virgin glass fibres { A 2 ) 
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Fig 59 Diameter histogram for virgin glass fibres* A 2 ) 
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Fig 511 Diameter histogram for virgin glass f,bres (A 4 j 
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fig 5 tO Diameter ist i m for virgin glass fibres (A4) 
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Fig 513 Diameter histogram for non-virgin glass fibres (At) 
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Fig 512 Diameter histogram for non -virgin glass nbres(AI) 
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Fig 515 Diameter histogram for non- virgin glass fibres(A2) 
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Fig 514 Diameter histogram for non -virgin glass fibres(A2) 
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Fig 517 Strength histogram for vtrgfh 
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Fig 516 Strenc h histogram for virgin glass fibres (At) 
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Fig 521 Strength histogram for virgin glass fibres (A4) 
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Fig 5 20 Strength histogram for virgin glass fibres (A4) 
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Fig 5 22 Strength histogram for non- virgin glass fibres (At) 
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Ftg 5 25 Strength histogram for non- v r gin glass ffbres(A2) 
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Fig 5 24 Strength histogram for non-virgtn guass fibres (A- 
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strength ( ) may be obtained by equation (5 1 by using ecruation 
( 2 27) 


“ E r e i 


(5 1) 


where Sc is the calculated strength for ith specimen 
m a given set which is characterised by young modulus E R , as 


obtained by regression of stress versus strain and e is the 


strain for that specimen Figures 5 17, 5 19, 5 21, 5 23 and 
5 25 show the histograms of Sc for VAl , VA2, VA4, NVAl , NVA2 
respectively Significance of S c will be discussed m section 5 2 
Corresponding to each set of Sc, a new set of calculated 


diameters, hereby referred as D c is generated by equation (5 2) 


d Ci = Di r 


(5 2) 


where ith subscript denotes values corresponding to ith 
sample for a given set 


The implications of set of D c will be discussed m 
section 5 3 Figures 5 7, 5 9, 5 11 , 5 13 and R 15 represent the 
histograms of calculated diameters D c for VAl , VA2, VA4, NVAl 
and NVA2 respectively 


522 Strength and Weibull Parameters 


As described m section 112 2, strength of glass fibres 
is dictated by the flaws present on the surface of glass fibres 


The flaw size has a distribution represented by weibull ' s 
distribution as given by equation (1 3) The scaling parameter 
S c and shape parameter b of this distribution, corresponding 
to a given set of strength data are obtained by graphical 
regression technique (GRE) (section 2 10 6 1) and MLE technique 
(section 2 10 6 2) Figures ^ 26 , 5 28 , 5 30 , 5 3 2 and 5 34 repre- 
sent regression analysis for weibull s parameters for observed 
strength(s) corresponding to VAl , VA2, Va 4, NVAl, and NVA2 respe- 
ctively Similar analysis for calculated strength (S c ) for VAl, 

VA2, VA4, NVAl and NVA2 have been given m figures 5 27 , 5 29, 

5 31 , 5 3 3 and 5 35 respectively Table * 2 summarises the values 
of weibull ' s parameters corresponding to observed strength ( s) and 
calculated strength S c for virgin and non-virgin samples 

Table 5 3 summarises the results of weibull analysis by 
MLE Technique The analysis has been performed for both observed 
strength S and Calculated strength S c 

Comparison of weibull' s distribution as obtained by 
regression technique and MLE technique with the experimental 
data has been shown m figures 5 36 , 5 38 , 5 40, 5 42 and 5 44 
for VAl, VA2, VA4, NVAl and NVA2 respectively Similar compari- 
son of weibull' s distributions corresponding to calculated 
strength S c has been given m figures 5 37, 39, • 

and 5 45 for VAl, VA2, VA4, NVAl and NVA2 respectively 

Relative variation of failure probability P with S and 
S_ for virgin and non-virgm samples as evaluated by regression 


Table 5 1 Young's modulus estimators for virgin and non- virgin 
glass fibres- 


SLNo Set E (MPa) dF(MPa) P R (MPa) DE R (MPa) 


1 

VAl 

2 

95 

X 

io 4 

1 

38 

X 

io 4 

4 

58 

X 

io 4 

2 

28 

X 

io 4 

2 

VA 2 

2 

45 

X 

lo 4 

0 

81 

X 

io 4 

5 

52 

X 

io 4 

1 

82 

X 

io 4 

3 

VA4 

2 

37 

X 

io 4 

0 

82 

X 

io 4 

8 

36 

X 

io 4 

2 

31 

X 

io 4 

4 

NVAl 

3 

34 

X 

io 4 

1 

82 

X 

lo 4 

7 

48 

X 

io 4 

3 

36 

X 

io 4 

5 

NVA 2 

1 

90 

X 

io 4 

0 

96 

X 

io 4 

5 

9 2 

X 

io 4 

0 

74 

X 

io 4 


Table 

5.2 

Weibull ' s 

parameters by GRE Technique 


SL.No 

Set 

/ 

s s c 




b 

S Q (MPa) , b 

Sq (MPa) 

1 

VAl 

1 69 

89 2 1 ^5 

734 

2 

VA2 

2 94 

719 3 02 

666 

3 

VA4 

3 50 

681 4 65 

666 

4 

NVAl 

2 04 

953 2 29 

897 


NVA 2 

1 82 

^62 1 92 
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Fig 5 27 Regression analysis of calculated sttength(Sc) with 
failure probability (P) for virgin glass fibres (Al) 
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Fig 526 Regression analysis of observed strength(S) 

with failure probability ( P ) for virgin glas»s fibres(Af) 
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Fig 5 28 Regression analysis of observed strength(S) with 
failure probability( P ) for virgin glass fibres l A 2 ) 
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Ftg 5 30 Regression analysis of observed strength (S) 
with failure probability ( P) for virgin glass fibres (A4) 
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Fig 533 Regression analysis of calculated strength (Sc) 
with failure probability ( P) for non virgin glass fibres (A1) 
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Fig 535Regression analysis of calculated strength 'Sc/ with 
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Fig 534 Regression analysis o‘ observed strength (S) with 
failure probability ( P) for nor /.rgin glass fibres <A2) 
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Fig 5 37 Variation of failure probability ( P ) with calculated 
strength (Sc) for virgin glass fibres (A1) 
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Fig 539Variation of failure probability ( P ) with calculated 
strength (Sc) for virgin glass fibres (A2) 
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Fig 5 38 Variation of failure probability (P) with observed 
strength ( S ) for virgin glass fibres(A2) 
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Fig 5 41 Variation of failure prcbafcility ( P ) with calculated 
strength (Sc) for virgin glass fibres (A4) 
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technique and MLE technique are shown in 
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As shown in section 2.1c. £.2 rear ( S ) and variance 
( Var ( S) ) of Weibull's distribution are given by equations 
(2.58) and ( 2.5g) respectively while- coefficient of variation 
(V p ) is given by equation (2.6C) - 

The values of mean ( S and S c ; deviation in rear* given 
by square root of variance ( dS and d§ c ) and coefficient of 
variance (V p ) for both S and S c corresponding to deifcuii's para- 
meters as obtained by regression and XLZ technique for both virgin 
and non-virgin samples are summarised in Table 5.4 and Table 5.5. 

Similar analysis has beer* performed for both sets of S and 
S c and corresponding statistical parameters have been found cut 
directly by equations 2.30 and 2.31. These are summarised in 
Table 5.6. 

5.2,3 Fracture Surfaces 

Glass fibres have been subjected to fracture surface 
studies- Samples have been prepared and characterised by scanning 
microscope (I SI- 60) as described in section 2.10.7. Representa- 
tive fracture surfaces of Al , A 2 are shown in figures 5 .48 
and 5.49 respectively. Four typical frecture surfaces of A4 
are shown in figures 5.5c, 5.51, 5.52 and 5.53 respectively. 

One remarkable feature of A4 fibres is the presence of 
of diameters ranging from >1 Un to 1.5 urn. Such holes are 
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Table 5.4 : Mean, dispersion and coefficient of variation for 

S and S c for both virgin and non -virgin glass fibres 

(GRE Technique ) • 
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Table 5.5 : Mean, diversion and coefficient: cf variation for S 

and S c for both virgin and non-virgin glass fibres 

(MLE Technique ) . 


3-No 

. Set 

/ 

t 

• 

s 

s„ 



3 (MPa) 

\ dS(KPaJ V rO' S (MPa, 

i # c 

/ «» 

# ^ T * * — - _ 

# . ^ . _ ... 

; 

p C" 

r 


1 

VAl 

753 

365 .49 644 

433 

.67 


2 

VA2 

637 

204 .3 2 551 

2C4 

.37 


3 

VA4 

615 

221 .36 534 

1 21 

.21 


4 

NVAl 

839 

383 .46 741 

3 24 

.44 


5 

NVA2 

496 

245 .50 543 

304 

.56 


Table ^.6 

: Mean, dispersion and coefficient of variation for both 

S and S c for both virgin and non virgin glass fibres 
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not observed in esse of Al and A2 . Another interesting feature of 
fracture surfaces is the increasing frequencies with which the 
fracture path is observed to change as the aluminium content is 
increased- Thus in A4 in nearly all the cases a part of fracture 
surface is nearly perpendicular to the tensile axis while remaining 
part is quite parallel to it. This is most clearly Indicated in 
figures 5.5o, 5.51 and 5.53 by arrows* 

5.2.4 Susceptibility to Chemical Attack : 

When glass fibres are treated with 1 % HF solution, they 
show a marked difference in chemical susceptibility. Figures 5.54, 
5.^ and ^ .56 show typical scanning micrographs of Al, A2 and A4 
fibres respectivily when they have been treated with HF solution 
for 20 seconds. 

For Al fibres there is a severe, wide spread attack by 
acid while the attack on A 2 fibres may be described as 'inter 
granular' kind in which region between blocks of material are 
attacked preferably. A4 fibre are found to be the least affected. 
These fibres are still largely intact. They however show only a 
light nearly uniform etching. 

5.3 Discussion: 

The young's modulus for a given glass fibre may be obtained 
by two methods as described m section 5.2.1. The two estimators 
£ and E r may be found out. This is obvious from Table 5.1 that 
E R is always greater than E . The value of ■ ^ £ — is found to be 
less than the value of — in almost all the cases- This implies 




■that, dispersion of E R is snail er than that of E . It is proposed 
that 2 ^ is a better estimator of young's modulus than E for a 
given set of glass fibres* The reason for such a propostion is 
that regression of strength with strain for a given set of data 
provides a linear relationship which effectively represents the 
hypothetical stress versus strain curve for the given material. 
Thus slope of this line ought to represent the true young's 
modulus of the material. There is no similar logic based upon the 
physics of the problem in support of the calculated E which thus 
merely represents a statistical average of some parameter having 
dimensions similar to that of young's modulus. The further 
confirmation to above conclusion comes from the effect of the 
presence of aluminium particle on the young's modulus of glass 
fibres* While there is decrease in E with increase in aluminium 
percentage correspondingly there is a definite increasing trend 
of E R- The latter behaviour is expected for any such composite 
material. 

The large scatter in the observed strength arises from 
two sources. One is the surface flaws which arise due to various(a) 
intrinsic reasons and (b) processing effects* The other results 
from the errors made during strength measurement. The error arises 
predominantly from the diameter measurement made by an electronic 
comparator such as Accutron. Sometimes during sample preparation 
more than one fibre get stuck together which can not toe resolved 
with naked eye. Only during fracture this gets resolved. Thus 
various procedural steps bring in extraneous errors in measure- 
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ments of strength and strain* The error involved in strain are 
insignificant while those in strength (s) are substantial. Thus 
distribution of S which has been referred to as observed 
strength really <ises not represent the true set of strenth 
data for a given glass fibre* So a better representative picture 
is obtained from parameter S c - This is so because regression 
minimises in E R the effect of extremities of data points in 
stress strain plane* As expresses the best estimate of young's 
modulus where effect of extraneous errors in strength S and strain 
e has been averaged out and as the error in e is insignificant as 
compared to that in S hence S^. Calculated by equation 5.1 is 
the more appropriate representatives of strength distribution 
reflecting the actual surface flaw distribution of glass fibres 
from S and S c histograms it is clear that strength distribution 
becomes sharper in case of S c than that for S • 

Corresponding to S a new set of diameters D is found 

c c 

by equation 5.2. D c represents the actual and effective distri- 
bution of diameters in the set of fibres tested# devoid of any 
extraneous error incropo rated in diameter measurement. 

Weibull' s parameters may be determined by both graphical 
regression technique (GRE) and MLE technique* As obvious from 
the failure probability distributions % and f 2 corresponding 
to parameters as obtained by GRE and MLE techniques respectively. 
Analysis with J3 gives values such that fj and f 2 invariably 
cross each other at some critical value of S being referred to as 


S . For S 4 J?, f x yf 2 while for S > S* f, <f 2 * Similar analysis 
of S C provides a ran ark able defference as compared to that of S* 
For S c# % < f 2 in the entire range of S c xn almost all the cases 
except that of VA4 where f. and cross each other* Thus for 
same value of strength S(> s*) and Sc, MLE Technique provides 
estimators of b and S Q such that probability of failure is higher 
than that predicted by GRE . This ensures a better estimate for 
mean strength for safer designing. Hence MLE technique should be 
preferable to GRE technique for estimating weibull's parameters* 
TSiis is reflected in the mean value of strength which is invariably 
found to be less for MLE technique as compared to that for GRE 
technique, as seen in Tables 5,4 and 5.5. Another remarkable 
outcome of this analysis is that mean strength S c is found to be 
always less than mean strength S as is evident from Tables 5.4, 

5.5 and 5.6. The deviation dS c is always found to be less than 
dS in case of GRE, estimators (Table 5 .4) and similar trend persi- 
sts in most of the cases analysed by MLE technique (Table 5.5) . 
Comparison of Tables 5.5 and 5.6 reveals that analysis done by 
the MLE technique provides mean strength values S and S c and 
Vp(s) and Vp(s c ) which are almost equal to those obtained by 
simple arithmatic averaging of strength data- This further 
supports the superiority of MLE technique over GRE technique- 

An increase in aluminium concentration in glass fibres 
results in the deterioration of observed strength (S) in both 
virgin and non-virgin samples as is evident from Tables 5.4, 

5.5 and 5.6. In case of S c , it is obvious from these tables that 



minimum S c occurs for VA 2 while it increases marginal ly for VA4. 
These observations suggest that ahaninium particulates act as 
inclusions or stress concentrators, thereby reducing the mean 
strength • 


This feature is reflected in the fracture surface 
micrographs as described in section 5. 2*3. The complex surface 
morphology arises because of complex stress distribution due 
to the presence of hole and surface flaws nearest to the hole- 
Such duplex fracture surface morphology is not observed in case of 
Al . In case of A 2 it is observed occasionally but in A4 such 
morphology is always observed- Presence of such a characteristic 
fracture surface can be taken to indicate the presence of stress 
concentrator like a hole or a particle inside the fibre even 
though such a feature may not be directly observable. 

The holes in A4 fibres seem to be the sites where large 
Al particles are embedded in the fibre. These particles have 
either been dislodged during fracture process or they have caused 
the formation of small cylindrical cavities in the fibre during the 
fibre drawing process, so that particles may still be existing at 
the end of these cavities. In the latter case the holes represent 
a cross section through these cylindrical cavities. 

The trend of S c suggests that aluminium presence even at 
£>% level introduces the microheterogenitie s which act as stress 
jr nentrators and reduce the strength when aluminium, concentration 
1 ,r fcher increased to 7.5%, the S c improves from its corre- 




sponding value for »5% "though some holes are also present. 

Whether these holes arise because of bigger aluminium particle 
getting dislodged during testing or during fiberisation process# 
in either case further deterioration of strength is expected- 
This suggests that microheterogeneities produced at atomic scale 
are the most probable cause for the lowering of strength. 

Prom the present study a new technique has been established 
to evaluate young's modulus based on strength-strain regression 
analysis* The observed strength(S) does not represent the true 
distribution of surface flaws but another variable S c is a better 
representation of strength distribution. Weibull's distribution 
represents the strength of glass fibres. The Weibull's parameters 
may be evaluated by graphical regression technique (GRE) or by maxi- 
mum likelihood estimation technique. The latter technique is 
preferable as discussed above • 

Aluminium particles decrease the strength while they 
increas the young's modulus of glass fibres* The microbe teroge— 
neities at atomic scale seem to be acting as stress concentrators. 
Bigger particles give rise to formation of holes whose diameters 
are of the order of a few microns. These give rise to formation of 
duplex fracture surfaces. Chemical susceptibility increases with 
increasing aluminium concentration. 



Conclusions 


CHAPTER - VI 


From the present investigations ate re electrical and 
mechanical behaviour of heterogeneous glass fibres# following 
conclusions are drawn. 

(1) Glass fibres may be drawn from silica based compositions 
with sodium molar concentration varying in the range of 
10 to 30%. Further the glass-metal composite, formed by 
melting aluminium powder with the glass batch# nay be 
fibensed to give composite glass fibres* The aluminium 
fraction may be varied in the range of 0 to 10 nol%. 

(2) Almost all of the sodium ions of these glasses may be 
replaced by silver by subjecting the glass fibres of such 
compositions to a sodium ^-silver ion exchange treatment. 
This may be achieved by ion-exchanging the glass fibre 
specimens in a silver nitrate bath at 330°C for 36 hours. 

(3) A.C. and D «C . electrical conductivity measurements may be 
made on these glass fibres, using silver paint as non 
blocking electrodes. Glass fibres having no metal parti- 
culates show ionic conductivity in which sodium ions are 
the charge carriers. The resistivity level is quite high 
0= lO^Q Cm at room temperature. The activation energy is 
about .3 eV. Conductivity increases with increasing amount 
of sodium concentration. 

(4) Similar studies made on composite glass fibres reveal that 

of aluminium in glass fibres ( mol%) 


higher concentration 


4-> ^ 


increases the glass conductivity. The rrechanisr prevailing 
m lower temperature range is electron tunnelling while 
in higher temperature range { T> 1 2C-C) ion migration 
predominates • 

(5) Phase separation is seen in most of these glasses- Phase 
separation has been found to influence the electrical beha- 
viour of these glasses in a significant manner. Slass 
transition temperature is al so found to be sensitive to 
phase separation. 

(6) Ion-exchanged glass fibres show an improvement by about two 
orders of magnitude in electrical conductivity as compa- 
red to that of the virgin fibres- The activation energy 
comes down to around .45 e V. The maximum conductivity of 
1CT°( ohm cm)” at room temperature may be achieved by 

the ion exchange process. 

(7) The charge carrier mechanism in ion— exchanged glass ficres 
is the migration of silver ions* The fraction of silver 
ions contributing to conduction mechanism are found to be 
of the order of 1%- 

(8) The micro structure of ion-exchanged glass fibres shows 
phase separation- The disjointed regions of silver rich 
phase are scattered in the interconnected second phase having 
less than 1 % of total silver content present in the glass- 
Ct is this interconnected phase which is responsible for 

i lectrical conduction • 


al 
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(9) It has been established that an optimum co-bi racier. cf 
electric field and temperature brings a permanent ^icro— 
structural change m ion-exchanged glass fibres- Thus 
results in an increase cf conductivity by rrany order of 
magnitudes- These electric fields are found to be cuite 
low of the order of 1 volt/cr. » V»ith increasing ce^cerature 
the value of critical electric field which brings about 
this transformation from low conducting state to high condu- 
cting state decreases- The initial glass composition too 
influences this critical electric field- 

(10) The micro structural evidence suggests formation of links 
among the disjointed portions of silver rich phase under 
the combined influence of electric field and temperature- 
This makes silver ions, locked earlier in disjointed portion 
of silver rich phase, to move in the interconnected net- 
work of silver rich phase- Thus in high conducting state, 

it is the silver rich phase which predominantly contributes 
to silver ion migration. 

(11) The activation energies in the high conducting state 

are very small, in some cases they tend to be negligibly 

snail becoming almost zero. The highest conductivity of 

2 —1 

the order of 10 ( ohm cm) may be achieved in this 

high conducting state- 

(1?) The presence of aluminium particles further increases the 
conductivity of ion— exchanged samples • Maximum effect has 
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been found when aluminium is present in small amount 
( .5 mcl$>) . It is shown to influence the micro struc tur e 
considerably* 

(13) In high conducting state, aluminium particulates have a 
desirable effect. They further boost up the conductivity 
level. The value of conductivity is found to depend upon the 
amount of aluminium concentration in the ion exchanged 
glass fibres. 

(14) It is for the first time that such a high state of electrical 
conduction could be achieved characterised by almost negli- 
gible activation energies. Without aluminium particles, 

— 2 —1 

highest conductivity of 2.5 x 10 (Ohm Cm) has been 

-1 —1 

achieved. Highest conductivity of 3 x 10 ( G>hm Cm) 

has been acompli shed in the case of 5 mol^ of ion-exchanged 

fibres containing aluminium particulates. 

(15) Low value of activation energy and high value of conducti- 
vity at room temperature suggest that ion— exchanged glass 
fibres in both the states are most likely FIC* • This 
further establishes a general route to prepare a family of 
new FIC from any silica based glass composition, viz. 
through the effect of sodium silver ion exchange on these 
glasses in their fibre form, followed by electric field 
induced morphological transformation • 

Youngs modulus is found to increase with increasing aluminium 
concentration in the glass fibres. Strength invariably 





decreases with increasing amount of al-.~ir.r_r. This suggests 
that microheterogene tie s at atonic scale caused by the 
presence of aluminium particles act as stress concentra- 
tors* The presence of bigger aluminium particles results 
xn the formation of holes (.1-litra diameter) » The corrosion 
resistance increases with increasing aluminium amount. 

(17) A new technique to estimate youngs modulus for glass 

fibres has been proposed, based on regression of strength 
strain data. Better representative parameter of strength 
has been suggested. 

Strength of glass fibres has been found to follow Weibull 
statistics. Weibull # s parameters may be found out by GRE 
and MLE technique. The analysis suggests the superiority cf 
MLE technique over GRE technique. 


( 18 ) 
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